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ABSTRACT

Experiments on neutron capture Y-ray emission rn and between resonances, and

the extent of their conformity to, or departure from, purely statistical assump-

tions is examined. Resonance capture with subsequent radiative transitions to

discrete final states can be a powerful tool in nuclear spectroscopy, with the

non-specific character of the (n,v) reaction leading to populating states of dif-

fering nuclear structure. Capture between resonances, however, is expected to be

influenced by direct components. Capture Y-ray spectra obtained in the off-

resonance region can be fitted with interfering resonance and background amplitude

terms, and the direct component extracted. Near neutron strength function peaks,

especially near the 3s and 3p maxima, width correlations are clearly seen in reso-

nance and resonance-averaged spectra. Valence transitions are shown to be inade-

quate to describe these correlations.

I. Introduction

In the 5 years between the international neutron V-ray conferences at

Studsvik (1968) and the present meeting the usefulness and richness of resonance

Y-ray spectroscopy have been amply documented. The many papers published in this

field over these years have demonstrated the extra dimensions added to thermal

(n,Y) work by resonance studies - whether, in discrete resonances, or on averaging

over resonances in an energy region large compared to the level spacing. There

are two broad areas of utility to be distinguished in these experiments: 1) The

nuclear spectroscopy of level spins, parities, and energies; for both initial

states (resonances) and final states of the residual nucleus; including the sys-

tematic behavior of these parameters and 2) the broad subject of reaction mecha-

nism, including such topics as width distributions and correlations. This con-

ference contains good examples of both types of contributions.

These two broad areas of research are Intimately related, and in some domains,

contradictory. Many applications require statistical assumptions which rely

heavily on Che complicated nature of the compound nuclear states, while we look,

on the other hand, for simple components of these states to study questions of

reaction mechanisms. Thus the validity of statistical assumptions must always be

questioned in the light of the growing evidence for nonstatistical effects. In

this review some examples of recent resonance experiments relevant to both aspects

of this field of research will be presented.

Setting aside, for the moment, the influence of the so-called "nonstatistical

effects", the (n,V) reaction has been shown to populate a wide variety of states
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of differing nuclear configurations, subject only to the usual spin-parity selec-

tion rules. This is in contrast to charged particle reactions in which neutrons

are transferred; these are often specific as to reaction mechanism. Thus neutron

capture provides a powerful tool in structure studies where nonspeclficity can

often be advantageous. Neutron beams In the thermal, resonance, and fast regions

provide complementary information by making use of various partial wave components

of the beam, and by using the radiative width fluctuations to focus on hard-to-

resolve transitions. R. G. Greenwood will treat this aspect of (n,Y) research

elsewhere in this meeting, but 1 would like to cite a recent and useful applica-

tion of this lack of specificity displayed by the (n,Y) reactions, and of the

complementary attack on a problem by a variety of techniques. This example is

contained in the recent publication of Casten et al on the study of high-lying

state in W. The ability of the (n,Y) reaction at thermal and in resonances

to populate all of the 1/2" and 3/2" states over a wide region of excitation

revealed a significant fragmentation of Nilsson mou'el single particle energy

states. The authors showed that a large hexadecapole deformation would generate

the observed fragmentation and account for the Bysternatics describing the total

(d,p) strength in the mass region. There are of course many other examples, too

numerous to mention, which could be cited.

At the other end of the scale, the purely statistical feature of (n,v) decay

can be exploited to give us information about the systematic behavior of the cap-

ture state parameters, such as level densities and strength functions and their

spin dependence. Many experiments have been done using the spin dependence of

the ratios of Y-rays de-exciting low-lying states. The phenomenon is based on

the well-known observation that the population of low-lying states by Y-ray cas-

cades from the capture state is dependent on the spin difference between final

and initial states. The spin dependence is such that states of spin, close to

that of the capture state are preferentially populated. Several contributions

to the conference illustrate the use of that technique.

This method was proved spectacularly successful in the assignment of spins of

U resonances by Corvi et al several years ago, and their re-

sults were later confirmed by polarized neutron experiments on polarized targets.

Coceva has recently pointed out that this technique can be exploited to

measure directly the spin dependence of neutron strength functions, as a function

of neutron energy. The ratios of low-energy Y-rays can be calibrated according

to spin by using isolated resonances of known spin. These ratios can be used in

averages over any desired energy interval to deduce directly the ratio of strength

iunctions for J = 1+1/2 to J = 1-1/2 capturing states. Such a technique could be

applied with advantage to examine intermediate structure in the strength function.

I cite these examples merely to indicate thit a wide variety of research has

exploited the statistical aspects of the radiative decay of compound nuclear

resonances. In the balance of my review, I will attempt to describe two areas

where one might expect nonstatistical effects to be important. One of these areas



is in the capture of neutrons between resonances, where level-level interference

effects will influence the cross section. The other is in the resonance capture

of neutrons in the 3p giant resonance region, where we observe the cross sections

to be strongly influenced by the structure of the final states.

II. Capture Between Neutron Resonances

The earliest measurements of capture cross sections showed symmetric shapes

for the Breit-Wigner resonances. This symmetry was ascribed to the summing over

the many final states of the (n,V) process with the inherently poor resolution

Y-ray detectors. With the advent of high resolution detectors and the consequent

separation of the final states, it became possible to observe interference effects

leading to asymmetric resonance shapes. The interference terms between captur?

amplitudes contain several interesting aspects, Including

1) the identification of a "potential" capture amplitude,

slowly varying with energy, under the resonance structure

2) a more precise determination of resonance parameters -

energies, widths, and spins - through shape fits for individual

transitions between resonances, by exploiting resonance-resonance

interference termB.

Interference analyses have been carried out at a number of laboratories.

The most intensive set of resonance amplitudes has recently been reported by

Becvar et al using the BNL HFBR chopper. This device, with its ability to put

the relatively large averaged flux of 2 x 10 n/em /sec in a unit — energy in-

terval, on the sample, has made it possible to do extended experiments in the

off resonance interval.

In a discussion of interference phenomena, it seems advantageous to adopt

the original formalism advocated by Lane and Lynn in their 1962 discussion of
7 8}

(n,v) resonance reactions.' Their approach is based on an application of R matrix

theory, which divides the region-of interaction into external and internal por-

tions, separated by the somewhat arbitrary radius parameter R. The emission of

photons is incorporated into this theory by a first order perturbation calculation.

The expression for contribution to the radiative capture matrix element Is given

by:

U(«J) * lo**» .3/2 f . i
tC Y (2J+l)1/':

This expression for the matrix element can be decomposed in several alterna-

tive ways. If we distinguish between external (r > R) and internal (r < R ) ,

we can write:

U = U(ext) + U(int),

where U(ext) represents the channel contribution to the capture process. This

consists of the "hard sphere" component, representing the reflection of the in-

coming neutron at the nuclear boundary, and a resonance component, representing

the nuclear eigenfunctions extended into the external region. Alternatively, U

may be decomposed into a resonant and non-resonant component. The former may be



further decomposed into a "local" and "distant" level contribution, by classifying

resonance states as local or distant with regard to their proximity in energy to

the energy of the captured neutron:

U = U(hard sphere) + U(dist level) + U(local level).

The distant level contribution, for a "black nucleus", is zero because of

a lack of correlation among the independent partial widths F^; in an inter-

mediate coupling model, width correlations lead to a non-zero distant level con-

tribution. This correlation is responsible for the giant resonance behavior

in the elastic channel.

The "direct" cross section contribution is obtained by combining the hard

sphere and distant level contribution:

U = U(direct) + U(local).

If we measure the partial cross section for Y-emission between neutron

resonances, and correct for the effects of nearby resonances, the last term

U(local) can be accounted for. In such an event, we have established the direct

reaction cross section.

It is practical, experimentally, to measure in detail the partial cross

section to a given final state from thermal up to tens of electron volts. The

cress section ratio CTnf/
CT

 YT> where
 a

ny T represent the total radiative capture

cross section, can be fitted by a formula containing a sum of Breit-Wigner ampli-

tudes and a ulowly-varying background. This is schematically Illustrated in

fig. 1.
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Fig. 1. The partial capture cross section in the resonance region.

With the aid of a few reasonable approximations we can estimate the relative

importance of the various terms in the summation above. Clearly near the reso-

nance energies E^, the T)°. term will be unimportant, or if resonances appear close

together; E\l -Ex2 <
<D, interference between the resonance terms will dominate



the cross section. If resonances are well separated, we focus our attention on the

off-resonance regions,and if correlations are appreciable, the D. cerms may be

discernible.

III. Level-level Interference

The measurement of resonance-resonance or resonancE-direct interference

effects requires meaningful determinations well into the off-resonance regions.

What in required is a measurement of a given line intensity relative to the cap-

ture rate in the sample as a function of energy. There are many experimental prob-

lems to overcome and it may be of interest to enumerate some of these here.

The partial cross sections arc low, especially in view of the use of high

resolution diode detectors. The sample must be moderately thick, and the flux on

saisple fairly high. For the presently available flux, - ~10 n/cm /sec x AE/E,

the data are often marginal In quality.

The presence of impurity isotopes makes it difficult to obtain a measure

of the capture rate. For example, the presence of a few percent of Gd

(a (.025 eV) = 60000 b) in a sample of 156Gd (' (.025) = 1.5 b) can introduce

serious difficulties. To avoid such difficulties, the Brookhaven group has

usually chosen to normalize to a sum of several low energy Y-ray lines character-

istic of the isotope in question. Fluctuations In line intensities are generally

not troublesome; neither are spin dependent effects present for even A targets.

Use of low-energy Y-rays presents special difficulties at energies below several

hundred keV on account of sample absorption; absorption can produce distortions in

the shape of the capture rate with energy near regions where the cross section is

high - i.e. near resonance peaks.

High instantaneous count rates in the detector can exist at resonance peaks.

this is true even if the average rate is quite low. At high rates, pile up causes

events which should appear in the Y-ray peaks to be thrown into the continuum re-

gion. This effect requires only a few keV distortion in 5 to 10 MeV size pulses.

Consequently '.he curve representing Y-ray intensity as a function of neutron

energy or time-of-flight is distorted. That this effect is important is illus-

trated in fig. 2 where a free-running pulser is shown to exhibit dips at the reso-

nance time of positions. Such distortions are avoided by normalizing t.o a pulser

peak which effectively monitors dead time over the whole time frame.

Backgrounds consisting of degraded neutrons with inappropriate energies

being captured by the sample become Important, particularly where interference

minima reduce the true capture rate to near zero. The presence of such back-

grounds makes it exceedingly difficult to observe minima at energies above a few

tens of electron-volts. Auxiliary experiments with beam filters, or absorbers

around the sample position are often required.

Finally we must face the ambiguities presented by the effects of levels be-

yond our experimental energy domain, particularly the effect of bound levels.

For the technical reasons outlined above, our measurements are constrained to

the low electron-volt region, just where the bound level effects are most
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significant. The problem can often be turned around, however, to effectively

measure the bound level parameters through their level-level interference effects

just above thermal energies.

By far the most exhaustive study of level-level Interference In neutron cap-
9) 149 150

ture has been presented by Becvar, Chrien and Wasson, who studied Sm(n,V) Sm.

They examined the region between 0.04 and 5.0 eV, divided into 30 subregions, for

the interference effects of 16 resonances (to 34 eV) and a bound level. In this

case, the local level contributions to the interference patterns were large

enough to obscure any direct terms which may have been present. A total of 41

primary transitions populating levels in Sm below 2.6 MeV, with j' = 2 ,3 ,4

were examined. Fifteen of these transitions are shown fitted in fig. 3. For

satisfactory agreement between theory and data a J + 3 bound level was required,

whose parameters were derived from the least squares fitting procedure. The re-

duced neutron width of the bound level was fixed by the additional assumption

that the average radiative partial width of the bound level to final 3 and 4

states is equal to that measured for the resonances. As a verification of the

result, the computed bound level contributions to the total capture cross sec-

tion, 2250 ± 710 barns, is consistent with the difference between the measured

value, and that calculated from positive energy resonances. The effect of the

bound level is most easily seen in the figure for the transition to the 2 level

at 1834 keV, where it is required to raise the contribution below 1 eV. It is

required also in the 774 keV fit, to remove the deep minimum near 1 eV.

Besides the extensive determination of bound level parameters, several



— ' 'Til,.

. 775.511V V fcfc*

Fig. 3. The relative
photon Intensities for 15
transitions in 149Sm(n,Y)
150sm from thermal to
5 eV. The arrows indicate
positions of the reso-
nances. The dotted curves
are obtained by ignoring
a bound level.

interesting statistical results emerged from this rather exhaustive study of radi-

ative amplitudes. First there was no eviHance for any distinctive asymmetry in

the distribution of signs for the amplitudes. That is, destructive as well as

constructive interference was present between resonances. The second conclusion

concerns tae statistical distribution of width amplitudes, which is expected to

be Gaussian under the statistical assumption. The result of the experiment Is

shown in fig. 4 where the values r are derived from experiment through the

transformation:

'Xyf" ^ Y f '

and only the 13 3 and 4 final states below 2.2 MeV are considered; the straight

lire in fig. 4 should be followed if v. f follow a Gaussian distribution.

There Is evidently a curious bunching of values In the distribution. We

emphasize that this distribution is to a large extent distinct from width dis-

tribution analysis, since the partial width amplitudes were free to vary to pro-

duce a least squares fit over the region from 0.04 to 5.0 volts. Nevertheless

when the widths are measured and analyzed in the usual way, without regard to

interference fits between resonances, a similar discrepancy with the Porter-

Thomas distribution Is noted.
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The departure from the expected Porter-Thomas distribution is most marked

for the low-lying levels; it disappears when levels of higher excitation are in-

cluded in the analysis.

It is interesting to observe that most of the experimental biases which

cause apparent departures from the Porter-Thomas distribution in the partial

width measurements do not apply in the same way in the width amplitude analysis.

One speculation might be that the neglect of the direct capture amplitude has

produced the anomalous distribution noted in this experiment.

IV. Direct Capture
7,8) 11)

I.' ie and Lynn, and Lane, have given us expressions to estimate the hard

sphere and distant level contributions to D,, and thus to the direct cross
2 ^

section G. = ttM D :
c o

a) ad (hard sphere)~ y|^ 9* f (Z.A.E^) mb

b) cd (distant levels) (1"°, Tyf) | a (abs) <I\f>/D .

In these expressions f (Z,A,E^) Is a slowly varying function, where f » l for

A = 150, E^ = 5.0 MeV, 9N is the reduced neutron width of the final state, p the

correlation between radiative and neutron width, amplitudes o (abs) the absorption

cross section, and (T .)/D, the radiative strength function.

The local level contribution can be estimated by setting E - E, = D, and

substituting average values for neutron and radiative widths:



ro 1/2 _ 1/2

A (local) « — — U » (So E^ A '
3 \i^

ra 2.6 x 10 for a neutron strength function

A (r ) /" 3 2/3"̂ \ -9 -3
So - 10"*, E = 5 MeV, A - 150, and k ^ - Vf /^E A ^ = 2 x 10 MeV .

The corresponding estimates for hard sphere and distant level contributions

are as follows:

D (hard sphere)
1.75 x 10" Pl/2

I 2.5 x 10*4 S - p 3 / 2

x
=2

D (distant levels) - 8 x 10'5

From a comparison of these estimates, one might hope to obtain some rea-

sonable measurements of direct capture after accounting for the local level con-

tribution.

In the region of the 4s giant resonance, marked nuclear deformations lead
described

to low-lying levels well described by the unified model. The levels,/ with the

asymptotic quantum numbers of the Nilsson model,have wave functions which can be

expanded In terms of spherical functions with expansion coefficients de-
2 — 2 2

noted by C... The dimensionless reduced width 6'. = V j*/V can be related
2 J 12} J sp

to the CT, as follows: '

fi2 2 r 2
r

V " 2j + 1 Cjl

These same coefficients are responsible for thr so-called "finger-print"

pattern of the (d,p) reaction, whose cross section is given by:

•^ (d,p) - U2 (2C2jj;) 0£ (Q,9)

where 0^ is the intrinsic single particle cross section calculated from a dis-

torted-wave, Born approximation analysis, and U represents the degree of shell

emptiness.

A fairly complete knowledge of the character of the final states exists

throughout the region 150 <A <190. As part of the BKL program, we are seeking to

tabulate direct or potential capture cross section to Nilsson levels with p. .,

and p,/0 components throughout this region. The direct cross section has been
13)

calculated by Lane and Lynn in the region of the 4s giant resonance, and shows a

pronounced maximum below the neutron strength function maximum, fail-tag to near

zero just above the 4s maximum. However, the calculation uses a spherical

potential, and it is well-known that in fact this is a region of severe



deformations, where the strength function exhibits structure due to the deformed

potential. It is therefore of considerable interest to explore the region sys-

tematically for the presence of a sizable direct component.

The cases of 162Dy and 164Dy are good illustrations of the direct capture

analyzed in two entirely different experimental situations: 1) where the thermal

capture cross section is entirely accounted for by known positive energy levels,

as in 162Dy; and 2) where the thermal cross section is almost totally due to a

very near bound level, as in 164Dy. Figure 5 illustrates the former case, showing

the capture croas section (solid line) and the amplitudes corresponding to the

5919 keV Y-ray populating the 1/2" member of the K=l/2", [52l] band in Dy. In

the low-energy region, the contributions (dashed) froir the 5.43 and 70.7 eV

resonances are significant. To get a good representation of the partial cross

section, however, the background amplitude labeled D (described here) must be

1000

100

" ' ' if1

L7?JI f 1 (70.7)
^ • L "DIRECT"^ 7 1

I I I I m i l

Fig. 5. The capture cross
section (solid line, left
hand scale), resonance
amplitudes (dashed), and
direct amplitudes (dotted,
right hand scale) near the
region of the 5.43 eV
resonance of 162

O.I

added. In this case we can be confident that there is no near-by bound level,

since its presence would be indicated by both a thermal capture cross section

contribution and an energy-dependent cross section discrepancy. None of the

experimental fits to the ratio t7(n,Y-)/"(nVt), four of which are shownin fig. 6

is improved by the addition of a bound level amplitude. Of course the background

amplitude D, which is energy invariant, can always be simulated by arbitrarily
1/2

introducing a bound level, far away and with a suitably large product (f
r̂ O 1/2 Yf

). That kind of ambiguity is unavoidable in this experiment. We might

reasonably expect, however, that the typical error introduced by a bound level to

be ~ 2 x 10"J in the direct amplitude.

On the other hand in Dy(n,Y) 'Dy, there are no nearby resonant states,

and as seen in fig. 7, the energy variations in the capture cross section is

almost completely due to a nearby bound level 1.89 eV below threshold. Again,
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Fig. 7. The capture cross section (solid), local level (dashed)
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to fit the data of fig. 8 we must add an invariant amplitude D, which is asso-

ciated with the direct amplitude.

DY-164 IN.GfiMMfl)

5606-9 KEV GflMMR RRY

1 0 '
NE'JTRON ENERGY ( E V )

Fig. h. Fit to partial cross section for 5606.9 keV Y-ray in
164Dy(n>V)165Dy. Fits are shown without a direct
amplitude (solid) and including direct (dashed).

The table below s: Ttmarized results for transitions to final states in
163Dy

Ey

Dy 1 6 3

Dy 1 6 5

, 165
and

Final

5919.1

5880.8

5849

5449.9

5219.6

5606.9

Dy.

State Configuration

K = 1/2

K = 1/2

K = 3/2

K = 3/2

(521)

(521)

(521)

(514)

unassigned

K = 1/2

K = 1/2

(521)

(521)

TABLE I

Jf

1/2"

3/2"

3/2"

3/2"

1/2"

3/2"

U

0

0

0

0

2

.87

.87

.12

.07

*

o-(direct) (En = 1 eV)

14 mb

22 mb

40 mb

< lmb

< lmb

22 mb

> 16 mb

* not seen in (d,p)



We note that the stateti with U « 0, vhich are not seen in (d,p), exhibit

a small or negligible "direct" cross section. The states corresponding to the

1/2" and 3/2" members of the 1/2" [52l] band, a good particle state with

U ss 0.87, show a large off-resonance component. The relative population of

these states, however, does not follow the (d,p) finger print pattern, since the
f 2

coefficients c7/2/
C9/o n a v e a r a t i o °f about 20. Another disturbing feature is

the strong off-resonance amplitude recorded for the population of the 3/2 [52l]

hole state. These results are considerably larger than predicted by the hard

sphere scattering estimate, and have to be understood on the basis of a distant

level effect due to the 4s giant resonance.

It is our intention to measure these cross sections for as many nuclides

as possible in the 4s region, from A * 150 to A » 180, and some of the recent

results for this on-going effort are given in a contributed paper submitted to

this conference.In some cases, the results are not unique,due to the ambigu-

ities in the sizes and signs of the local resonance contributions. In the

dysprosium isotopes discussed here, however, the large off-resonance ampli-

tudes do not appear to be assignable to local levels.

V. Average Resonance Capture Hear the 3-P Giant Resonance

Use of capture processes with broad energy range neutron sources for nuclear

spectroscopy is well known. It is argued that, because of the nonspecific

nature of the (n,Y) processes, all final states will be populated independent of

their structure, and subject only to selection rules on angular momentum. Be-

cause this assumption appears approximately to be valid in many mass regions,

average resonance capture can be a powerful tool in locating and identifying

final states,as has been demonstrated by the internal sample arrangement at

Argonne's CP-S and external beam filters at several reactors, including those

at Brookhaven and NBS, which are described in contributed papers to this

conference.

In ;ny discussion I wish to focus primarily on cases where the assumption

of nonspecificity fails and we can see nonstatistical effects. One region

where this is very pronounced is near the 3-p giant resonance; hence average

capture over p-wave resonance is of interest. The 24 keV iron window beams are

especially useful for these studies.

Confining our attention only to H = 0 and I = 1 partial waves, and assuming

spin independence for strength functions, the average cross section to a given

final f is given by

where S^, and S Q are the p- and s-wave neutron strength functions, F°, F
1 the

width fluctuation factor corrections, and 2°, S are summations over the appro-

priate spins and channel spins for s-and p-wave resonances. At low energies

<r) ~ (F ), which is spin independent, and the I » 1 term is negligible. In



that case the product gr
Yf/r *« »P*n independent, and the relative values of

a are readily computed by simply summing over the number of ways in which the

final state may be populated by radiation of a given multipolarity. At higher

energies * » 1 terms may be considerably larger, and the simple spin independence

is destroyed for -* » 0 terms, by the presence of a large spin dependent total

width T. These complications are balanced against the usefulness of populating

final states of either parity quite strongly.

Internal reactor sources have been thoroughly reviewed on previous

occasions. At Brookhaven we are making use of an external 24.5 keV neutron

beam which provides a beam current of 10 n/sec over an area approximately

2.54 x 2.i4 cm, and with a spectrum of neutrons centered near 24 keV and a

FWHM of 2 keV, (fig. 9). The beam is relatively free of higher energies, with

all but a few percent of its flux concentrated in the 24 keV window. Some uses

of this beam for nuclear structure work are describee elsewhere at this con-

ference, but I will here describe some studies near the 3p giant resonance,

where capture V-ray spectra show rather dramatic nonstatistical effects. It

has been suggested that the reported correlations between radiative widths and

neutron widths in this region are due to "valence" transitions of the

The molybdenum isotopes from A=*92 to 98 are a good place to study this

"valence" model; in this region the d5.^ shell is filling and the low-lying s

and d states are good single particle states, strongly populated from p-wave

capturing states. Using the usual expression for the valence motion contribu-

tion, we can write: c NEUTRON FLUX FOR FILTERED BEAM
10"

10'

10'

10'

I01

24.0 keV

2.0 keV-

4.7 keV •

9m.Fe, 14 in.AI.2ifi.S-

9.0 keV — •

u

27 in.Fe, 14 in.AI, 2 i

J,
10 15 20

NEUTRON ENERGY (keV)
25

Fig. 9. The energy distribution of the 24 keV Fe-filtered beam from
HFBR. Shown are two different distributions corresponding
to the filter configurations specified.



r 1 / 2 - r 1 / 2 (valence) + I"Yf
1/2 (statistical)

where F^2 (valence) = Q45-^- J e^Je J^ dr U^l

U>

On averaging over the resonances, only the correlations with the final

state reduced widths are observable. In the 3p giant resonance, the dominant

term in the average cross section is the I « 1 term. If we substitute the

valence model approximation In the expression for (<*> we obtain:

<a > (valence) - C ^ e ^ I ^ A2^ Fj/f(J)

In this expression C is proportional to sf, the neutron strength function
2

squared, 1 ^ are the radial integrals of the valence expression, while Aj^

contains the vector coupling coefficients. As this expression indicates, the

valence model predicts a proportionality between the average cross sections and

the final state reduced width, a quantity proportional to the (d,p) cross

section.

The experimental results have beer submitted in several contributed papers

to this conference. Not only the isotopes of molybdenum have been studied, but

niobium as well. For nuclei in this region, we may safely ignore s-wave capture

at 24 keV and concentrate on the p-wave aspects. The spectra show features

which cannot be attributed to statistical decay of resonances. An example is
o

given by fig. 10, which is a plot of reduced Y-ray intensity (Iv/E ) as a
ot 95 '

function of Y-ray energy for Mo(n,Y) Mo.
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Fig. 10. Reduced Y-ray
, intensities observed

| 3 ~ j from 24 keV capture on
9*Mo. A strong energy
dependence in the ra-
diation matrix element
is obvious.



The strength of the high energy transitions is not much larger than would

be predicted by assuming a E-l photon strength function typical for this mass

region, but the distribution of strength with energy does not conform to a

simple power law dependence such as E or E . The behavior, in fact, is quite

similar to the anomalous distribution in photon strength reported by Bartholomew.
21)

Lone and Earle, for s-wave capture in the A « 180 mass region.

Not only are the high energy transitions enhanced, relative to lower energy

transitions, but there is a consistent correlation pattern observed for the

even molybdenum isotopes; 92, 94, 96, and 98, and for niobium. This pattern is

schematically displayed in fig. 11.
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Fig. 11. The Y-ray intensities compared to (d,p) spectroscoplc factors
for the even molybdenum isotopes 92, 94, 96, and 98. The cor-
relation coefficients and their significance levels are also
shown.



The absolute cross sections for these transitions vere determined by

reference to the B(n,<vy) reaction in composite samples including B. The

values for the ground state transition, at an effective energy of 24 keV, are

5.2 mb for 92Mo, 11.5 mb for 94Mo, 3.9 mb for 96Mo and 8.2 mb for Mo. It

must be acknowledged that the significance of these average cross sections is

somewhat limited by the fluctuations of this quantity due to the relatively

small number of resonances averaged within the 2 keV window. The p-wave level
22)

spacing for these isotopes, estimated from the known resonance parameters, is

960 eV for 92Mo, 640 eV for 9%to, 400 aV for Mo and 260 eV for Mo. In par-

ticular the Mo spectrum is representative mostly of the single resonance near

23.9 keV.

Although these correlations are undoubtedly real and indicate quite un-

equivocally the failure of the statistical model In a dramatic way, much of the

evidence we have is rather strongly against the ability of valence transitions

alone to account for these correlations, let us examine the evidence.

It is visually evident from an inspection of £ig. 11, that much of the

observed correlation comes from the dominant transitions to s. ., final states

in the molybdenum nuclides. If we eliminate this transition from the sample

and recalculate the correlations we obtain the following values and significance

levels:

92Mo p - .58 at 95%

to
96.,
Mo p - .75 at 97%

Mo P = .43 at 90%

98Mo p = .16 at 65%

Evidently the model is more successful in handling p ~* s transitions than

it is for p ~* d transitions.

Furthermore, correlations exist between radiative widths and final state

reduced widths in nuclides where a corresponding correlation with resonance neu-

tron widths definitely do not exist. One especially well-established case is
94

that of niobium. Most of the low-lying states of Nb belong to configurations

with d,... components, and these states were shown many years ago to be fed in
23)

resonances with strengths partially correlated with (d,p) cross sections. The

24 keV data obtained at BNL recently, and reported by Rlmawi and Chrien, confirms

this correlation in a different neutron energy region. The value P - + 0.47 at

a significance of 99.9%, is quite comparable to that previously obtained in the

resonance work, and is also compatible with the correlations reported by Harwell

in resonance data up to 6 keV. The previous and more recent resonance work,

however, shows no evidence of a resonance neutron vidth correlation. Hence, at

least in niobium, a valence effect does not produce the correlation. Even in

the well established region of success of the valency model, we must conclude

that it is not the whole story.

Finally there is a difficulty in reconciling the absolute magnitudes of the

cross sections with those predicted by the valence calculation. This is



particularly evident in the large cross sections seen for 92Mo, where the

valence model can account for only about 3.7 mb out of the observed 27.3 mb

from the 24 keV experiment.

Although it has recently been pointed out by Lane that there is some

ambiguity in the calculation of the valence contribution, that ambiguity cannot

reconcile che discrepancy observed in Mo. In that nuclide there exists a

considerable body of resonance data vhich further underscores the failure of

the model.
90 2b;

Resonance data on Mo were obtained by Wasson and Slaughter up to energies

of 24 keV and overlap the iron-filter data very nicely. The valence model is

deficient in 2-ways - the expected resonance correlation is absent, and the

size of the partial radiation widths is much larger than would be predicted by

the model.

Figure 12 shows the Wasson and Slaughter data on Mo averaged over

resonances compared to the predictions of the valency model. While the average

intensities show a high degree of correlation with the stripping widths, one

notes the calculated valence contribution falls far short of the observed

strengths. If, on the other hand, one increases the valence prediction by a

factor of 4 then it is difficult to understand the overall lack of correlation

with resonance neutron widths reported by Wasson and Slaughter. A similar
98

situation was observed when Mo measurements were extended to higher energies
then first reported in the chopper experiments.
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The average resonance capture data taken at BNL reinforces the general

conclusion that the model is only a partial explanation of the observed corre-

lations. In Mo the average valence cross section to the 941 keV 1/2 state
95 +

is only about 4 tnb at 24 keV compared to the observed 27 mb; in Mo the 3/2
97

204 keV has a negligible valence contribution and we observe 8.0 mb; in Mo

the valence model underpredicts all transitions except for that to the s. ,,
99

state at 680 keVjand in Mo the ground state transition is observed to have a

cross section of 8.2 mb, compared to a valence prediction of 5 mb, while the

d,.- levels are all fed more strongly than the valence model would predict.
+

On the basis of transitions to the 1/2 final states where the valence

model seems to work best, one would estimate that the valence component rises

from ~ 15% in Mo to about 657, in Mo. The neutron strength function (F >/D,
92 98

shows a corresponding factor of 2 increase, from Mo to Mo, which may cffer
98

a clue as to why the model seems to work best for Mo. To explain the cor-

relations in Nb, one must seemingly involve several doorway states, to reduce

the correlation with the resonance neutron widths, and to explain the additional

strength one must involve core excitations. Evidently there must be additional

theoretical development before we can arrive at at quantitatively correct

theory of the capture process.

SUMMARY

Capture spectra both on and in-between resonances constitute a powerful

tool for nuclear spectroscopy. We have made considerable strides in under-

standing the very significant departure from stacistical decay which appears

near the single particle peaks. Quantitative understanding, however, is still

lacking in all the details of these departures. It appears clear that valence

transitions are not the only mechanism leading to correlation effects and that

perhaps three quasi-particle components and core excitations must be taken into

account in a quantitative manner for a truly satisfactory agreement with

experiment.

Most of the experimental work in this review has been contributed by Karim

Rimawi and George W. Cole, with assistance from Mrs. Jean V. Domish, Mr. Michael

Bedzy. , Frederick Paffrath and Kenneth Sutter.
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