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ABSTRACT

The study of gamma rays from neutron capture in the keV energy region
provides information on the properties of individual resonances with keV spacing
in light nuelei or nuclei near closed .shells, and on the average behaviour of
regonances in heavy nuclei, The effects of p and d~wave capture can be in-
vestigated across the periodic table, as can the neutron capture mechanisms,

A variety of techniques are applicable in this energy range and these, with

the results cobtained, are reviewed in this paper,
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1. THERMAL AND RESCNANCE CAPTURE GAMMA RAYS

Neutron capture research extends over nine decades of energy - from cold
and thermal meV fluxes to the d(t,n) reaction near 15 MeV. However most work
has been at thermal energies, using high flux reactors and large thermal capture
cross sections which permit gamma ray spectra to be obtained with minute quantities
of separated isotopes, There are in fact some 50 groups throughout the world who

pursue thermal capture gamma rays, mostly with Ge(Li) detectors.

In these nine decades of energy (Figure 1) the capture cross section varies
from Well_sepafated S-wave resonances, on which the statistical model is based(l),
through unresolved resonance regions where p,d and higher £-waves are important,
to the giant resonance region and beyond where direct and semi-direct capture
mechanisms(®) are called on to explain the magnitude of the cross seétions. But
even in the eV and keV regions evidence is accumulating which requires the
presence of direct (or hard sphere) non-resonant effects(3s%) resonant channel
(valence neutron or external) capture!®:%) | and doorway (2p-1lh) states from semi-
direct interactions!S) which precede and sometimes compete with the complex nuclear
states deseribed by the statistical model in which all nucleons are involved in

the excitation of the compound nucleus,

The thermal capture studies are important in that they have yielded a vast
amount of nuclear data on energy levels and cascade schemes, spins and parities
of low-lying states and so on(e), as well as the gamma ray spectra which gave the
First indication of a systematié variation in the ecapture mechanism across the
periodic table(7). However only a limited investigation of the neutron physics

Involved in thermal capture was possible, for the following reasons:

(a) Thermal capture can be either a non-resonant reaction or one in which
an indeterminate mixture of the tails of bound and unbound excited

states contributes.

(b) The observation of transitions to low lying excited states in the
compound nucleus is limited by multipole selection rules operating
on- the two possible s~wave spin states, the wide variation of
partial radiative widths, and the pdssibility of interference terms

between the various radiative amplitudes(a).

(e) The correlation of capture radiative widths and the reduced neutron
widths of final states (from the (d,p) reaction) is therefore not
rigorous and it is also not possible to separate direct capture effects

from channel capture,

The justification for the somewhat arduous task that faces the physicist

when he turns to study resonance capture is the elimination of these limitations,
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Additional bonuses are the isotopic identification of resonances by gamma ray
spectra, the observation of a greater range of transitions through higher £-wave
capture, and the determination of spin assignments of capture resonances, This

last feat can be accomplished by measuring:

(a) angular distributions of Primary gamma rays to final states with known

spin and parity (J )(9)
(b) population of low lying states by the gamma ray cascade(lo), and
{e) resonance-resonance interference analysis(21)

It is also possible to investigate channel capture by correlations of the partial
radiative widths and the product of the reduced neutron w1dths of both capture and
final states (« PO PO )(12). The observation of asymmetry in the partial capture
Cross section resonance can lead to estimates of the direct capture component(la)

provided that corrections are made for resonance-resonance 1nterference.

To date most rescnance capture studies have been .in the oV region on medium
and heavy A nuclei, where the resonance Spacing is in the range 10 -~ 100 eV, How-
ever there are many nuclides with resonance Spacing in the keV region, those with
light A or near closed shells, which warrant study and which by virtue of their
simpler shell structure might deviate more seriously from statistical behaviour,
Together with the increased interest in this energy range for fast reactor systems
and nucleosynthesis research, we then have the Justification for the even more

arduous task of measuring keV capture gamma rays,

Resonance gamma ray spectra are analysed with the aim of obtaining infor-
mation on their departure from the expected statistical behaviour. The statistical

properties of interest are that:

(a) The primary gamma ray decay spectrum should be smooth, That is, the
broad features of the capture spectrum should be proportional to
E . o(E_ -E,) , Where p(E,-E.) is the density of final statels(4),
Ind1v1dual gamma ray intensities however should be proportional to

OETB, assuming only E1 transitions contribute significantly.

(b) ‘The partial radiative widths should vary widely according to a chi-

squared distribution with one degree of freedom(ls).

(e¢) Correlations are not expected between the partial radiative widths-

and the reduced neutron widths of resonances and final states,

fhe results of keV capture experiments will be discusseéd in the following

sections in terms of deviations from these properties,



z, EXPERTMENTAL TECENIQUES

In referring to the keV region, a neutron energy range from a few keV to a
few hundred keV is implied and these somewhat arbitrary limits will define the
discussion in this paper. The lower bound of the keV region is reached by beams
from fast choppers and linear accelerators. Resonance spectra have been
measured to 5 keV, and recent Brookhaven results{1®) have extended to 23 keV for
2o (n,Y).

The Sc¢ reactor filter used at Idaho Falls(17) provides a monoenergetic neutron
beam at 1.95 keV with a FWHM of 700 keV, Fe and 8i filters show promise of beams
at 25 and 144 keV. However the Van de Graaff accelerator is the major source of
fast neutrons with energies from 5 keV to the MeV region, Intense kinematically
collimated moncenergetic fluxes are produced at 30 and 85 keV when Li and
tritium targets are bombarded by protons at the threshold energy, Normally the
accelerator is pulsed (2-50 ns at ~ 1 MHz) and the time-of -flight method is
used to measure neutron energies. The Li(p,n) reaction produces neutrons in the
range 5-100 keV when bombarded at 10~20 keV above threshold‘l®), Higher energies
but lower yields and inereased backgrounds can be obtained if required, However
under these conditions the time-of-flight technique serves mainly to separate

background and fast capture events.

The first measurements of keV capture spectra were made with a pulsed
Van de Graaff accelerator by Berggvist and Starfelt at . Studsvik(1®) and Firk
and Gibbons at Cak Ridge(QO). Sodium iodide detectors were used to obtain the
gross features of the capture spectra, The Swedish effort was directed to
investigating the spectrum shape for heavy nuclei while gamma ray intensities
were obtained at Oak Ridge for a number of nuclei with simple decay schemes
(Figure 2), With the introduction of the Ge(Li) detector, work began at
Lucas Heights on developing techniques to permit the high resolution study of
resonance capture gamma ray spectra in the keV’region(El). The experimental
arrangement is shown in Figure 3, The Ge(Li) detector is placed at 0° to the
beam and shielded by a B4C-loaded paraffin cone set through the centre of a
massive annular capture target (50 cm from the neutron source). The
simultaneous measurement of the neutron time-of-flight and gammas ray pulse
heights allow capture spectra to be determined for either individual well
spaced resonances or as an average over a number of resonances. In either case
the gamma ray energy for a primary transition to a particular final state
increases with neutron energy. This shift in gamma ray energy for resonances
in the keV region can be observed readily with the Ge(Li) detector and has been
used to identify resonances not resolved in the time-of-flight spectrum(®2)

(Figure 4),
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The methods used at ILucas Heights have been necessitated by the relatively
low capture cross sections at keV energies, the low efficiency of the Ge(Li)
detector, and the sensitivity of the experiment to thermal and low energy
neutrons, Because of the low efficiency of the Ge(Li) detector, large NaT
detectors (~ 12 in x 8 in dia,) are still used to advantage where the gamma ray
spectra are relatively simple, or when only small samples of separated isotopes
are available for capture targets. Consequently Bergqvist et al, at Stockholm(23)
and Bird and co-workers at Lucas Heights continue to make further measurements

with these detectors,

A survey of keV capture experiments is given in Table 1. Detector and

neutron sources are noted, and the type of experiment is indicated.,

3. RESOLVED RESONANCE CAPTURE

3.1 2s8-1d Shell

The wide resonance spacing and relatively simple decay spectra of nueclei
in the Zs-1d shell permit the application of the high efficiency Nal detector
to the measurement of capture gamma ray spectra. F, Na, Mg, Al, and S were
studied by the Oak Ridge group'2%,25,28)  and Bergqvist et al. in Sweden has made

further measurements(gs).

Both positive and negative parity states induced by
S-wave and p-wave resonances were studied and branching ratios were obtained for
several cases, The E1 and MLl transition strengths measured are in good agreement
with results of charged particle reactions with other nuelides in this mass
region, and the strengths of Ml and El transitions are comparable, However the

ratioc of reduced Ml/El strengths is small {~ 10™%) for even Z nuclei and much
larger (~ 107') for odd Z nuclei. Several resonance spectra ..are considerably
at variance with statistical expectations. In particular the decay of the 27
and 50 keV resonances in F to a 2 MeV excited state, shows a consistent strength
which implies a strong overlap between the capture and final states(2®%). This

is evidence for simple capture state configurations,

3.2 2p-1f Shell

The Ge(Li) detector has been used in extensive measurements on nuclei in
the Zp-1f shell, Resonance spectra to 5 keV have been measured at Argonne(ET),
Brookhaven!®®) | Livermore(2®}, and Harwell!3°) for Mn, Fe, Co and Cu using as
neutron sources fast choppers snd linear accelerators. In the 5-100 keV range
the Lucas Heights group(Sl) have measured speetra from resolved resonances in
Ca, Ti, Cr, and Ie. New transitions have been observed in many cases and
information has been gained on the neutron capture mechanism and the effects of

p- and d-wave neutrons,

It was for this mass region that Groshev et al.(7) nag originally observed
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anomalous thermal capture gamma ray spectra, and had later shown the correlationt®2)
between the intense high energy transitions and final states with large reduced
neutron widths (from the (d,p) reacticn). Lane and Lynn‘®}) found theoretically
that the direct capture cross section should maximise at A ~ 52, and several
attempts have been made to measure the direct component by the observation of
interference effects wiﬁh the partial gamma ray capture cross sectionstse), These
experiments are really outside the 'keV energy region' as defined for this paper
but some values obtained!2®) for o(direct) at 1 eV are: O mb for ®SMn, 9 mb for %o,
and 2.7 mb for ®3Cu., The major problem is to minimise the resonance-rescnance
inteference and in particular, interference from the unknown bound resonances,
Auchampaugh(EQ) notes that not only is a wide resonance spacing reguired but also
measurements should be made in the keV region to eliminate interference from bound

levels,

3.5 Ez Transitions or d-Wave Capture

An important feature of the 5-100 keV experiments has been the observation
of transitions to high spin final states (5/27, 7/27) for even-even targets(33)
(Figures 4,5}. These transitions are not observed in s-wave thermal capture since
Mz and E3 radiation would be involved, However these final states can be reached
by E1 transitions after djwave and M1l or E2 transitions after p-wave capture at
keV energies (Table 2). The reduced widths are consistent with either the El or
Ml possibility (Table 3), but require a x 200 enhancement factor over the
Weisskopf single particle estimate for E2 radiation. Such enhancement had been
unknown across the periodic table prior to the determination of the spin and
parity of the p-wave 1.15 keV resonance in °°Fe. Chrien et al.!®) measured the
strength of the E2 transition from the 1/27 resonance to the 5/2  final state
and found it to be of the same order of enhancement (Table 4). This result for
one transition may be a chance fluctuation, but there is also a problem of
reconeiling the capture cross section measurements in this mass region, Hock-
enbury et al.(S?) concluded that the narrow capture resonances observed at keV
energlies must be p-wave, otherwise the d-wave strength function would be
anomalously high., To date however there is no shell model explanation for such
a major enhancement of EZ transitions, whereas d-wave capture is expected to
maximise in this mass region because of the importance of single neutron states

at zero binding energy,.

The trend of capture gamma ray spectra for even-even targets depends
markedly on the energies of pl/z, p3/2, and sl/2 single particle shells in the
25-1d shell and beyond(se) . The energies of the final states to which the
strongest E1 transitions are observed in thermal capture are shown in Figure 6,
and compared with the calculated energies of single neutron states. At the

zero binding of the 2p3/2 shell, keV capture data show strong El1 transitions
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from p~-wave resonances to sl/z low lying states, A similar effect is expected in
the 2p-1f shell (A ~ 60) where the binding energy of the 2d shell goes to zero
and El transitions from d-wave resonances can reach 2p and 1f final states, and
in the 38=-2d shell (A ~ 90) where the 3p neutron shell has zero binding, and El
transitions can reach s1/2 and d5/2, d5/2 low lying states (Figure 7).

Strong transitions are indeed observed to 5/27 final states in 88gr, 9975,
92Zr and ®%Zr in keV measurements with Nal detectors(37?) (Figure 8), but again
there is the remote possibility that these may be enhanced E2 transitions from

s=-wave capfure,

This simple shell model approach is reflected in the results obtained from
optical model calculations which indicate maxima in the #-wave strength functions
at the zero binding of the appropriate s, p and d neutron shells. The behaviour
of the s-wave strength function is well known, and experimental results are in

good agreement with calculations, However this is not the case for £ > 0,

5.4 p and d-Wave Strength Functions

Optical model calculations of p®®) and d-wave®®®) neutron strength functions
deviate substantially from the somewhat sparse empirical data. 1In the A ~ 60
region, the calculated strength functions (in units of 107% eV 2) are S. ~ 1.2 and

1

S2 ~ 7. However only experimental results for Sl are available and these are

considerably lower(33), that is 5, ~ 0.1 (Figure 9).

Rough estimates of the p and d-wave strength function can be derived from an
analysis of keV capture gamma ray spectra if the spins and parities of low lying
final states are known, In particular transitions are observed to both positive
and negative parity low lying states in ®5zn{31}, and average transition strengths
can be calculated if a wvalue of the El/Ml ratio is assumed, For El/Ml ~ 10,
estimates are Sl ~ 0,04 and 82 > 2. These values are based mainly on the strengths
of transitions to the ground and first excited states (absent in thermal capture)

and the weakness of transitions to positive parity states.

This result is in fair agreement with expectations, but calls for a sub-
stantial reduction in S2 for En > 60 keV; otherwise the capture cross section
is exceeded, While traditionally the EL1/ML ratio.~ 101%4), pecent results

across the pericdic table, and in particular for the 1.15 keV resonance in °SFe
(E1/M1 ~ 1)%®) | indicate that this assumption may not always be valid, Using

the ratio of unity gives 8, ~ 0.7 and S, ~ 0, This is a rather high value

1 a
of Sl for this mass region, and a completely anomalous result for 82 in terms
of theory. The result however is in agreement with the f-wave analysis of the
energy dependence of the natural zine capture cross section (Figure 10), but

is in general contradiction to similar analyses for neighbouring‘nu01e1(4o).



7.

3.5 Distribution of Partial Radiative Widths

It has long been established for heavy nuclei that the reduced neutron
widths of resonances show wide variations and that the distribution of widths
can be described by a ¥ squared distribution (see Figure 11} with one degree
of freedom (v=1){1%), That is,

P(x,v/2)ax = M(v/2)=1 (x v/2)""" exp(-x v/z %) v/2 ax ,

where
. O (]
x =T °/(r )

and P(V/Z) is the gamma function, One of the major contributions of resonance
capture gamma ray experiments in the eV region has been to show that in general
the partial radiative widths obey this same distribution(4l), Both neutron and

gamma. ray decay modes then appear to be single channel processes.

To date, however, there have been no analyses for nuclei with keV resonance
spacing, Garg et al.(42) have made extensive total cross section measurements
for many such nuclei and find that the s-wave resonance spacing 1s in good
agreement with the predictions of the real symmetric Hamiltonian matrix model,
with randomly distributed matrix elements. On this basis, a V=1 distribution

for partial radiative widths might well be expected.

The experimental difficulties are formidable in the keV region, and
complicated by the presence of p and d-wave capture. But results are becoming
available for a number of nuclei in the 40 < 4 < 70 mass region, which may
indicate the distribution of the partial radiative widths for these nucled,
Partial widths have been obtained for many transitions over nominally six
resonances in “®Fe(®1) | The term 'nominally' is used because it is probable
that unresclved s, p and/or d-wave resonances also contribute to the observed

resonance spectra in a number of cases.

Making the assumption that s-wave capture is respongible for most of the
observed strength, and that M1 widths (from the 1.15 keV p-wave resonance and
any others) are enhanced and comparable in strength to E1 widths, the variatien
of transitions to nine 1/27, 3/27 final states from 'six' resonances can be
obtained. Reduecing the widths by the Er8 factor produces a population of 54
reduced widths, which are distributed as shown in Figure 12, The overall
distribution appears to be the sum of two dissimilar distributions, and if those
widths assoclated with YO and Yl (ground and first execlted state transitions)
are removed a distribution with between 1 and 2 degrees of freedom remains.

The To and Tl widths are seen to fit a distribution with approximately 16 degrees

of freedom (see inset, Figure 12).
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These results are based on a number of simplifying assumptions, but never-
theless indicate the presence of a high degree of correlation between transitions
to the ground and first excited states, over a neutron energy range of about

75 keV,

3,6 BResonance Asymmetry in Partial Capture Cross Section

A reaction which seems well suited for measurements of the direct capture
cross section is 297Pb (n,r) Z°®Pb. In particular the 41 keV, 1~ resonance is
well separated from the other s-wave resonances and from the influence of any
bound states, Measurement of the asymmetry of this resonance provides a measure
of the direct capture cross section. The 207py (n,¥) reaction was studied at
Oak Ridge with a large Nal crystal and results were analysed at Lucas Height(43);
a value of 0.2 mb was found for the direct cross section (0.04 b at 1 eV),

Studies at Livermoref??) of the inverse 2°8Pb (Yo,n) reaction were improved by
a factor of 10 in energy resolution and confirmed the existence of the asymmetry
(Figure 13), However these results were some two orders of magnitude greater than
that predicted by the Lane and Lynn formalism. The asymmetry was therefore
analysed by including interference between the direct and semi-direct (or doorway)
interactions as formalised by Longo and Saporettfg). The capture c¢ross section
is given by:
1 . 1
(FF )2 < )2
o(n,y ) = W/kna.gn D - — - = Tol
(E, +B - £) 4+ 0 (En mEO) + =il

where kn ang gn are the neutron wave number and statistical factor,

B is the neutron separation energy in 2°%pb,
f} fﬁ, f} are the widths of the giartdipole rescnance at energy'ﬁ

and T, Pn, PY are the widths of the compound nucleus resonance at energy Eo'

The resulting non-resonant cross section, 3-4 mb, was found to be in much better

agreement with the semi-direct prediction.

The measurement of the ““Pb (To,n) cross section up to 1200 keV has also
been accomplished by this excellent technique(45) and evidence has heen found
in favour of the existence of a broad doorway state (300 keV envelope of capture

resonances) previously suggested in elastic scattering measurements.

4, AVERAGE NEUTRON CAPTURE

4.1 Averaging Experiments

The wide fluctuations of partial radiative widths from resonance to
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resonance has already been discussed in the preceding section, In order then to
observe systematic effects in the capture spectra with energy or mass number it

is necessary to eliminate these fluctuations by measuring spectra from a large
number of resonances to obtain average intensities, Alternatively average spectra

can be measured directly from the excitation of many unresolved resonances.

The X-squared distribution with V=l best describes the variation of partial
radiative-widths. However the average value of a partial radiative width over V
resonances falls on a X-squared distribution with Vv degrees of freedom. This
distribution approaches a gagssian for Vv large, and the relative uncertainty of

the average width is ~ {2/v)2 (see Figure 11).

Average capture experiments have been performed at several energy ranges,
The internal °B filter technique has been used extensively at Argonne(46) to
obtain average capture spectra from an eV neutron flux with a FWHM of ~ 400 eV,
Such measurements generally involve only s-wave capture and have shown a systematic
relatiohship between the strengths of E1 and Ml transitions. Similar work will be
possible with the Se¢ filter method used at Idaho Falls(l7), which provides an
external beam at 1,95 keV (FWHM = 700 eV), The limited neutron energy range
restricts the application of these methods to heavy nuclei with close resonance

spacing.

4.2 Energy Dependence

Many average capture measurements have been carried out in the 5-100 keV
range and beyond, yielding important results. Ge(Li) studies of Cu and Ni at

Lucas Heights(21,47)

showed that the high energy transition strengths observed in
thermal capture are substantially reduced (Figure 14)., In fact the average
transition strengths revealed an energy dependerice consistent with the EYS
expected from the statistical model. The correlation between thermal capture
partial widths and the reduced neutron widths of En = 1 final states therefore
vanishes for average partial widths in the keV region (see Figure 15). This
result suggests then that chammel capture, which is a resonance effect, is not
the cause of the non-statistical thermal spectra. The alternative mechanism for
thermal capture is.direct capture, which results in the interference discussed

in Section 3.2,

The energy dependence found for 7n(31). was midway betweeri ET3 and the EYS
dependence observed for Pt and other heavy nuclei by Bollinger and Thomas(47),
This latter dependence is predicted on the basis of the giant resonance contri-
bution to the capture cross section, However other results(®1) for Se, V, Mn
and Co reveal a range of dependences,which implies the presence of configuration
effects. The variation of the partial radiative widths in Co with neutron energy

is characteristic of this. Intermediate structure with width about 10-20 keV
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1s apparent for a number of gamma rays (Figure 16), though the s-wave resonance

Spacing is 1.4 keV, and devoid of any grouping effect,

4,3 Anomalous Bumps

Berggvist and Starfelt made an extensive investigation of fast capture gamma
ray spectra from unresolved resonances in the mass ranges 110 < A < 150(48) ang
180 < A < 210(49). A feature of these results was the appearance of an 'anomalous
bump' in the gamma ray spectrum which appeared at Ag and Ta, and maximised in
each case at Cs and Tl (Figure 17). This effect was found to be independent of
neutron energy{5®) up to ~ 4 Mev (for Au) (Figure 18), ruling out the possibility
of a direct interaction, The bump has also been observed in (d,pT)(Slssa) and
(r,r)'%3) | above and below the neutron threshold, and for {p,ply) (35},

Early attempts to explain the effect in terms of the statistical model with
various level density and gamma ray energy dependences failed, However Starfelt(SS)
was able to account for the 'bump' if it was assumed that an Ml giant resonance
with 1 per cent of the E1 giant resonance strength was present at 5.5 MeV. Such
a resonance could result from M1 transitions (spin flip) between shells split by
the spin-orbit interaction (g9/2 — 7/2, hll/2 — 9/2, 113/2 —11/2). Bartholomew
et al,{(52) later suggested that the effect is due to the formation of doorway or
lp~zZh states which emit El radiation on p-h anmihilation, the centre of gravity
energy differences between single particle shells (s &p, 4 ?af, g « h) being
5-6 MeV, Accumulated experimental evidence indicates that the bump mainly results
from primary, E1l gamma rays in this energy range(56’57), emitted as the nuecleus
enters one of several available doorway states with a precompound nucleus decay

probability for an El (or Ml) transjition to a lower shell,

A similar explanation is giveh by Rimawi et al,(®) for the differences
between the s and p-wave resonance spectra observed in 22Nb (n,Y). Four possible
p-h configurations exist for p-wave capture, but only one for s-wave. As the
p-h annihilation energy is about 6-7 MeV, the £=1 spectra exhibit.high energy.
El enhancement while a statistical spectrum is observed for £=0 resonances.
Channel capture is ruled out as an alternative explanation'beeause of the lack
of correlation between the partial radiative widths and the reduced neutron

resonance widths.

I the doorway interpretation is correct, then capture measurements in the
keV region should show an inecreasing high energy spectral component corresponding
to the increase in the p-wave capture crbss sectlon with neutron energy. This
component should reduce when the neutron energy exceeds that of the‘doorway state,
or alternatively when the d-wave capture cross section becomes substantially

greater than the p-wave,
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A similar argument was made by Groshev(®l) for the 5211 {n,Y) reaction.
However in this instance keV measurements(4”) showed that the dcorway state did
not exist, although a single low energy resonance may have the expected configur-

ation,

The doorway states postulated for Nb and Au differ in that for the former
case doorway states occur only through p~wave capture while in the latter case
there is a sequence of doorway states formed which is effectively independent of

the neutron energy and angular momentum involved,

5, CONCLUDING REMARKS

The analysis of keV capture experiments in the 40 < A < 70 region cannot
proceed without c¢larification of the role of p and d-wave neutron interactions.
More detailed measurements are required with angular distributions where possible
to identify the multipolarity of primary transitions, and so attain reliable
estimates of average E1, Ml and E2 transition strengths for this mass region,

The p and d-wave contributions to capture at keV energies can then be estimated,

The inverse (To,n) reaction is well suited to determine, by differential
capture cross section measurements, the f-wave resonance spins. As s-wave
resonarces in even-even targets are expected to have negligible radiative widths
for transitions to the 7/2_ ground states, the (Yo,n) reaction therefore proceeds
through mainly d-wave resonances. In the %8Ti (n,y) reaction, a suspected d-wave
resonance lying within a few keV of the 37 keV s-wave resonance could be reached
by the inverse reaction 4°Ti (To,n) and its spin determined from an angular
distribution measurement. Such an experiment could result in the first positive

identification of a d-wave resonance,

Improved resolution capture cross section measurements are also needed for
keV nuclei to resolve some of the £-wave capture problems. The superposition of
narrow p or d-wave resonances on broad s-wave resonances has been cbserved in a
number of capture cross sections and evidence for such effects in gamma ray
spectra is found for Ti and Fe, where transitions to high spin states are observed
for neutron energies very close to known s-wave resonances, The 10 keV resonance
observed in *®Ti (n,v) by the energy shift of primary gamma rays(22) a1s0
requires verification in capture cross section measurements. The value of Ge(Li)

detectors for observing low energy resonances is in question here,

Measurements on even Z nuclei in this same mass region should yield further
estimates of the distribution of partial radiative widths for keV nuclei,
However improved resolution of A-wave resonances is required, Correlation studies
between the partial radiative widths and the reduced resonance neutron widths
are needed to determine the extent of the channel capture mechanism in this mass

region,
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There have been no keV capture measurements in the N = 82 region, where
thermal studies have indicated a high correlation between PTi and the reduced

neutron widths of the final states.

The keV measurements obtained to date rely on thermal capture results for
absolute normalisation, assuming that all or some fraction of the thermal
transition strength is present in the same energy range in resonance capture,
Substantial errors are therefore introduced and a need arises for absolute
measurements of partial widths using well determined 'ealibration' resonances
for normalisation (such as the 41 keV resonance in 297Pb (n,r), for which

Pr = 5.5 eV),

Further measurements of resonance shapes are required, in order to gain
more information on interference effects of direct, semi-direct and resonance
capture cross sections. The 41 keV shape experiment for 2°8Pb needs to be
confiirmed for other resonances in Pb and further measurements should be made
across the periodic table wherever large resonance spacings are available, As
interference effects are averaged out when a number of gamma rays are included
in the yield curve, the (To,n) experiments are particularly suited for this

work,

In the nuclear data field, there is a general need for gamma ray spectra
from keV neutron capture, particularly for the light structural elements. These
data are used for shielding calculations for fast reactor systems which at

present rely on estimates based on the statistical model.

Neutron capture research separates into two broad experimental areas, the
eV and the keV regions, where different neutron sources are used and different
targets investigated. But each region complements the other, and each con-
tributes to our understanding of the neutron capture reaction for a wide range

of nuelei,
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TABIE 1

SURVEY OF keV CAPTURE EXPERIMENTS
Neutyren Resolved (R) or
Target Energy, Detector !:eut:ron Average (A} Laboratory Yanr | Reference Results
(keV) soures Reaonance
B 20110 Hal VdG R Oak fidge 1965 24
F,Ho,Mg,AL,S,C1 | 20-L10 NaT vag R Oak Ttidge 1967 26 I‘Ti(El) ~ Pn(m)
Mg, 51, ,8 20-80 Hal vdg K Stookholm 1969 26
Na 2.85 Ge{ L1) Choppar R Brookhaven 1968 28
401425440, 10-60 HaI vdg Ok Ridgo/ a5 Transition ta 8/27, 7/2"
Iuvcas Helights
a,Ti,lr,Fe 5-100 de(L1) vdG R Lucas Heighta 1968 3l Trangition to 5/2-, /e
p or d-wave oapturs
Mo 2.4 NaT Chopper R Argonne 1958 60
Mn ~ 2 Qe(L4) 8¢ fllter Idaho Falls 1969 17
Fe 1.7 Ce(L1) Chopper R Brookhaven 1969 9 I‘ﬁ(EZ) ~ X200p,
-7
T, (E1) T, ue)
¥n,lo,Cu [} Ga(L1) Linac K Livermore 1968 29 Dregt gapture inter-
ference
5¢,V,Mn,Co 5-80 tof L1) vda Lucas Helghts 1969 31
Fe,li,Cu 10-60 Hal VO A Oak Ridge 1961 20 Reduotion in high energy
intensity
Ni,tu 15300 Mal ag A Stockholm 1961/ 19,61 Reduotion in high energy
1962 intensity
54,550, | nat, 10-60 Hal vda R Onk Ridge/ 1968 62 Transitions to 5/27, 7/27
Lucas Heiphts
S6pe 0.7-70 {r .0 Einac Livermore 1967 63
Cu 0,5-2.66 | Ge(Li} Linac Harwell 30
Cu 10-680 e L1) vag A Lucas Heights 1368 21 EY"' dependence
M1 5-80 Ge(L1) vaG f Lucas Helghts | 1969 47 Transitions to 5/2°
Zn 10-60 ge(L1) vdG Lucas felghts 1869 31 Transttions to % ve
parity states
885 10~60 NaI. Vdu A Oak Ridge 37 Transitions to 5/2°
00,00 02,045,
nr 2 Ge( L1) e f1lter A Idaho Falls 1988 17
Ag.in,l,Cs 20-300 Nal vda A Stockholm 1962 48 High energy enhancement
independent of neutron
enargy
Ta 2 Ge{ L1} Sa filter A Tdaho Falls 1969 17
Ta W ,an,lg 15-300 NaT vdG Stoekholm 1962/ 49/ 5.5 MeV bump~independent
Fb,Ta,Au 15=42060 luB4 50 of neutron energy
Au 10-6Q Ge( L1) vdG A Lucas Heights 1968 56 Primary E1 gamma rays
in bumg
206,207p), 10-100 NaT Vac Gak Ridge 1967 65
2pp 41 NaI vae f Oak Ridge/ 43 Dirsct eapture lnter-
luens Heights ) ference (n,ro)
2P 20-1500 (v ) Linac R Livermore 1269 44 Direct semi-direct
interference
208} 41 (Tu.n} Linac R Livermore 1969 45 Intermediats structure
13 1-12 (To,n) Linag R Livermore 1868 83
2an
2Ry 10-300 tial vdG [ Stockholm 1962 64 Agreement with statis-

tieal model




TABIE 2

MULTTPOLARITY OF GAMMA RAY TRANSITIONS

FOR CAPTURE IN EVEN-EVEN TARGETS

Angular Resonance ¢ Final 3tate
Momentum State — = — —
JT 1/27 | 3/2” |5/2" | 7/2
n c .
0 1/2* E1 | E1 | M2 | ®m3
1 1/2” M1 ML | E2 M3
1 3/2” M1 M1 ML | E2
2 3/2t El | E1 | BE1 | M2
2 5/2% M2 | E1 | Bl | m1
TABIE 3

TRANSITIONS TO 5/2° FINAL STATES

Compound Neutron Tntensity Final Reduced WidthsT
Nuecleus Energy (%) State : -3 -3
(keV) (keV) k(E1) x 10 k(M1) x 10
4B0g AV 373 0.6
45¢a AV 174 0.5 4
S3¢p 30 18 1,007 3.6 34
SSFe AV 9 933 0.5 4.6
4 1,322 0.2 2.4
STre 26 5.3 708 1.6 15
36 7.7 706 2.8 27
52 8.4 135 2.4 23
5.4 706 2.0 19
72 12.6 135 3.6 35
3.3 706 1.2 12
SeN4 AV 4 3417 0.2 2.0
SINi AV 12 69 1.4 14
®%Zn AV 2 g.s. 0.9 9.4
%72Zn AV 3 g.s 0.1 1
*  Final State £ =3, Jy =5/27 or 7/27
t (k(e1)) = 1.5; (k(m)) =14.0




paunssy *

¢*0 - 90L 9°0 L ST'T 24, ¢
T0 < T°0 < TP T €0 Z2 < AV CT: P
Lzt > L°ST > i LO'T 9L 5 8¢ . Tlas
ST 0 20 "s°8 LT T AY ®0ap
¢°0 0 s°% LO'T 2 AV By
L0 8°0 ‘s°3 LO'T 0°0T SOT
20 €0 s'3 LO'T 6°2 a8
¢'0 ¢'0 ‘s DT 0% cL 205
AO.P.M.Z.I.Q v A@.P.m.g -P V ﬁ.ﬁrmuﬂ v Ab.m v ﬁa& V ?}rmuﬁ v
g-0T X Ammvx =0T X AHMVM 821181g UYIPTM AiTsusqug £LBasun SUSTONN
_ punodmos)
Teurq UOT}ETPRY UOIINSN
SUIPTM Peonpsy

SHEIVIS TYNTA _2/L OL SNOILISNVHL

v HIIVL







J¥N14dVI NOYLNIN 10 $3AVIIG 3ININ 'L IANOH

(IMNLONELS 3IVIGINYILNIY

ye-di
yy-dg

HOIAVHIEE IONYNOS3H 39VH3AV =— SIONVYNOSIY 40 S311d3d0dd

{LNVNOSIHNON) {LNVNOS3Y)

(LNYNOSTH)
v><>>mooo..|zo-a: 1034Ig HO TINNVHO

(SNOILYLIZX3 4-d ANVW) |_<U_._.m_.._.<.rm.n,|.....s,llﬁ

— ...lll.l_lul.l..mlllnl_ I T
* Il.ll.lll-ll..l.ll-lllll

JHNLAYD L23HIA 4, i

IVIILSIVLS

SNOILONAS HLONIHLS IAavm-7 14T 40 NOILNGIH1S1a
NQID3Y (ST13HS GISOTID ¥ LHOI (v AAV3H} .
FONYNOSIH LNVID NOIDEY FONVYNOSTY NOI93H 3ONVYNOS3H vWH3IHLI43
- - - - - — —=TYWH3HL
- {0
—(UP) — (PP - SH3ddOH)———  NOLLIVH4IQ
(u'd)m
ASIN £ I8 «—NOHOg A3 G200
“ NOIO3Y A3 : _ "
{ P | Lossodhataaiasedivoeebsonsses | ! m | | i
1el) \-O— QO— g0t fe)) ¢ Ot 204 O oot e ) NIOr

Orabi-69 DMQ-INNO

~ ~ ,O

GO

qu,



“Juat Jadxa sejaweled oM} SIYy Ul 3JUBUOSAI UOLNAU YIea 10) PauIe}qo ale eljdeds Ael1 euiues)

9dgqgz NI V3LO3dS AVY VWWVYO 33Nn1d4VD IDONVNOSIY¥ T 3¥NOIS

HIBWNN TSNNVHI AVH YANNTD

OON_ o0t o8 09 0,4 02 Q

S

8k ¢

S985~-p3 OMJ-TNN0

SN RATELRMNY



ANNULAR
CAPTURE
PROTON PULSE 20ns Y ARGET CRYOSTAT

PICKOFF  —iof ot - le o VAC.
¥ - s s INITROGEN
LITHIV - ] !

ION PUMP
TARGET BORON CARBIDE
LOADED Ge{Li) DIODE
PARAFFIN

CONE

BIAS PULSER

FAST AMF

PREAMP

<5
A
\K—

| 1
DELAY DDL. AmP R.C.AMP

H 1

(LEABING
{ { [EDGE TIMING) BIAS AMR

FAST DISCR, FAST DISCR.

TIME TO

AMPLITUDE
CONVERTOR STABIL| ZER jest—n

256 1024 |PULSE HEIGHT]
TO DIGITAL |
CONVERTOR

PULSE HEIGHT,
TO DIGITAL
CONVERTOR

18 § B1TS

PD.R-T0N LINE
COMPUTER

FIGURE 3. DUAL PARAMETER SYSTEM FOR THE STUDY OF

RADIATIVE keV NEUTRON CAPTURE

Gamma ray and time of flight pulses are analysed in coincidence and
processed by an on-line computer.
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These transitions are not seen in the corresponding portions of the thermal capture spectra.
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FIGURE 13. PARTIAL CAPTURE CROSS SECTION FOR 208PI:: (ao;n)

The asymmetry of the 41 keV resonance is interpreted in terms of a semi-direct interaction.
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FIGURE 15. COMPARISON OF REDUCED WIDTHS IN 39N;

The correlation between (d,p) neutron widths and thermal capture
radiative widths does not extend into the keV region.
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FIGURE 16. VARIATION OF GAMMA RAY INTENSITIES
WITH NEUTRON ENERGIES IN Co

intermediate structure with width 10 — 20 keV is observed,
though the resonance spacing is only 1.4 keV.
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FIGURE 17. AVERAGE Nal SPECTRA FOR keV CAPTURE IN Ta AND Av

The calculated shape for a statistical model interaction is shown, and contrasts
with the anomalous burmp at 5.5 MeV.
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