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I.

NUCLEAR-SPECTROSCOPY PROBLEMS STUDIED WITH NEUTRONS*

S. Raman

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 USA

I. Introduction

Neutrons are an important probe for nuclear structure research,

yielding information which is often not available using charged particles.

This advantage is due primarily to excellent resolution and absence of the

Coulomb barrier. With neutron spectroscopy, it is possible to examine the

energy levels of the compound nucleus in great detail. This information

serves as the foundation for several existing theoretical ideas in nuclear

physics. Gamma ray spectroscopy from the capture of thermal and resonance

energy neutrons produces detailed speetroscopic information up to excita-

tion energies of a few MeV. This information is vital for the testing of

nuclear models. The intermediate structure observed in subthreshold

fission gives information not only on the level density in the second well

of the double humped fission barrier but also on the barrier heights.

These are just a few examples.

The purpose of the research program at the Oak Ridge Electron Linear

Accelerator (ORELA) is to measure, analyze, and interpret neutron cross

sections, principally of enriched isotopes, for basic nuclear physics

•Research sponsored by the Division of Basic Energy Sciences, U.S.

Department of Energy, under contract W-71*05-eng-26 with the Union Carbide

Corporation. The broad title of the present paper belies the fact that

the author has relied heavily on work done at Oak Ridge. In retrospect,

the title should have been emended to reflect that.
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information and also to respond to applied cross section needs for fission

and fusion reactors. In the following sections, selected examples are

given that illustrate how the first mission (basic research) is being

accomplished at ORELA. The emphasis in this paper will be on

spectroscopy; important topics such as nucleosynthesis and derivation of

optical model parameters will be mentioned only peripherally. It will

hopefully become apparent that, although the field of neutron physics is a

venerable one, improved facilities, equipment, and techniques continue to

produce new results which have a significant impact on nuclear physics.

II. The Oak Ridge Electron Linear Accelerator (ORELA) Facility

ORELA has been for the last decade the most powerful and useful

pulsed neutron time-of-flight facility in the world, particularly in the

broad raidrange of neutron energies (10 eV-1 MeV). This facility was

designed, fabricated, and brought into operation in the same general time

period, 1966-1969, as several other electron linacs (at the Lawrence

Livermore Laboratory, the National Bureau of Standards, and the

Massachusetts Institute of Technology) in the United States. Special

emphasis at ORELA has been placed on maximum performance and utility as a

pulsed-neutron source for time-of-flight measurements of neutron cross

sections and related nuclear data.

Table I gives a listing of the ORELA spacifications and performance

and Fig. 1 illustrates the present layout at ORELA. In a linear geometry

(see Fig. 1), an injector places a short (4-40 nsec) burst of electrons

into a four-section 1.3-GHz linac which accelerates the electrons to ^140

MeV using the stored rf energy. During periods of peak performance, ORELA

has delivered 60 J of electron energy per pulse to the target at repeti-
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tion rates of 1000/sec and pulse widths as narrow as 24 nsec.

The electron beam strikes a small (0.06 liter) water-cooled laminated

Ta target inducing photoneutron production roughly proportional to the

total energy in the electron pulse. A Be-clad water moderator surrounds

three sides of this target. An alternate Be block target is also

available for measurements at higher neutron energies. Ten evacuated

flight paths diverge radially (see Fig. 1) from an evacuated target room,

and experimenters have access to eighteen flight stations. The shortest

instrumented flight path distance is 9 m and the longest is 200 m.

Typical ORELA experiments (see Table II) require one to ten weeks of

running with appropriate flight path length, pulse repetition rate, and

electron burst width. A variety of detectors, fashioned to be uniquely

sensitive to a particular nuclear reaction of interest, allows measurement

of the time between the electron pulse on the ORELA target and the detec-

tion of a particular neutron or neutron-induced event at a known flight

distance; by this means the cross section for the desired reaction can be

determined as a function of neutron velocity (energy). Detector-dependent

electronic apparatus, sometimes quite complex, is required to allow selec-

tion and timing of just those events associated with the nuclear reaction

of interest.

The signals from these detector systems are fed to a common

3-computer (SEL 810-B) data acquisition system capable of handling some

17000 32-bit "eventsVsec from a total of 12 data input ports. This system

provides a total of 2 x 106 words of data storage on 3 fast disk units.

In addition, a dedicated PDP-10 time sharing computer with a 250 megabyte

disk system and 4 PDP-15 graphic display satellites permit onsite data
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reductiin and analysis. Substantial facilities exist for performing

operations such as alignment of data taken with different zero times and

flight path distances, background subtractions, resolution corrections,

curve fitting, averaging, and summation. Extensive plotting capabilities

also exist.

The numerous flight paths and experimental stations together with

computer facilities make ORELA a highly productive laboratory; an average

of 5 stations produce data at any given operating time. The ORELA staff

is composed of 50 people divided nearly equally between the scientific and

the support personnel. Numerous visitors and collaborators augment the

ORELA research activities.

III. The window of accessibility

Since there is no Coulomb repulsion, neutrons with very low kinetic

energy can induce reactions in even the heaviest nuclides. Given an

intense pulsed neutron source and the time-of-flight technique, it is

possible to examine the energy levels (within a restricted spin range) of

the compound nucleus in a narrow energy region (up to » 1 MeV above the

neutron separation energy) at an excitation energy of *» 8 MeV in extremely

fine detail, i.e., with an energy resolution of <1 eV to 1 keV (see Fig.

2). No other technique produces such beautiful and detailed information

in heavy nuclides at this excitation energy (see Fig. 3) just above the

neutron binding energy.

Spectroscopy at ORELA generally involves the measurement

of the total cross section, elastic and inelastic scattering, capture

cross section, capture y-ray spectra, (n,a), (n,p) and (n,n'Y) reactions,
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and fission cross section. When such measurements are carried out and

analyzed, it is possible to test the validity of the statistical

distribution of level spacings, to examine the decay of those states that

make up a giant resonance if these states also happen to fall in the

"window", to study the step-wise buildup of elements in the universe by

neutron capture, to elucidate the role of direct and semi-direct reaction

mechanisms in neutron capture, and to reveal doorway states (intermediate

nuclear structure) in whichever channel (neutron, Y-ray, or fission) they

occur. The information that can be obtained is not necessarily restricted

to the 0-1 MeV region even though resolved neutron spectroscopy may be so

restricted. For example, accurate transmission, elastic, and inelastic

scattering data obtained with fast neutrons permit the extraction of

average nuclear properties such as the various terms of the nuclear opti-

cal potential.

IV. Isospin impurities of nuclear states

In 1976, Weigmann, Macklin, and Harvey'" reported on the first clear

observation (see Fig. 4) of isobaric analog states in a neutron induced

reaction. This was done by analyzing high-resolution neutron transmission

data obtained earlier at ORELA on 2I+Mg. Such an observation is quite

important to obtain isospin matrix elements which can ultimately lead to

an answer to the question whether an effective charge-dependent inter-

nuclear potential is definitely needed.

Both neutron excitation and neutron decay of analog states are

isospin forbidden and can proceed only via isospin impurities in either

the initial state or the final state or both. Neglecting the (certainly

small) isospin impurity in the 2**Mg ground state, these authors obtained
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inforraation on the isospin purity of highly excited states in 25Mg

directly from the measured neutron widths. Such observations of analog

states as neutron resonances have now been extended to the 28Si+n

system, the 150+n system, 3' and the 32S+n system'^' at other labora-

tories. The isospin matrix elements are in the 10-200 keV range with a

tendency to decrease with increasing mass number in accordance with

macroscopic model predictions as well as with systematics deduced from &-

decay rates .^/ sUCh values are also not cut of line with just the

Coulomb matrix elements, thus obviating the need to introduce charge

dependence in the nuclear interaction. Even though the correct

T> identification becomes an increasing problem, there do exist several

other candidates which could be investigated for isospin impurity data.

V. Large (s+d)-wave mixing in neutron scattering

When the target has non-zero spin, it is obvious that a level in the

compound nucleus with a specific Jv value is formed by neutrons having

angular momentum of both I and .2+2. However, for many years it has been

considered that only the lowest allowable angular momentum would be impor-

tant in such scattering because of the centrifugal barrier, and most ana-

lyses of low-energy neutron scattering data and photoneutron emission data

have proceeded on that tenuous and not fully tested assumption. In 1977,

Horen, Harvey, and Hill^"/ clearly demonstrated (see Fig. 5) that the

usual procedure of ignoring d-wave contributions to s-wave resonances is

not always justified. This was done by carrying out detailed R-matrix

analyses of high-resolution transmission data pertaining to several 1"

resonances in 207Pb+n, the lowest of which was at only 181 keV.

Knowledge of J^wave mixing in neutron resonances is important, not only for
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the proper analysis of neutron scattering and photonuclear experiments,

but also for gaining information on the phase shifts, reduced widths, and

significant components of the complex nuclear wave functions for these

resonances.

VI. Nuclear level densities

A major preoccupation of nuclear spectroscopists is the determination

of the energies, spins, and parities of nuclear states, and neutron

spectroscopy is no exception. With such information at hand, it is

possible to discuss nuclear level densities - a topic nearly as old

(Bethe, 1936) as the discovery of the neutron (Chadwick, 1932). Nuclear

level densities are very important in theoretical nuclear physics, in

astrophysics, and in applied nuclear physics, and much of the existing

information on level densities comes from resonance neutron spectroscopy,

despite the restriction that the information comes through viewing the

narrow "window" just above the neutron binding energy.

Figure 6 shows some typical total and differential elastic scattering

data/'/ obtained at ORELA from a target of z07Pb. The transmission data

are usually analyzed with computer codes based on the multi-level R-matrix

formalism, taking also into account the Doppler broadening and the experi-

mental energy resolution. For resonances which have neutron widths com-

parable to or greater than the resolution widths, such an analysis yields

both the neutron widths and the statistical weight factor. This factor is

directly related to the spin of the resonance. Moreover, the shape of the

resonance depends on the relative angular momentum of the incoming

neutron. If, in addition to transmission measurements, the relative angu-

lar distributions of the elastically scattered neutrons are measured at a
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few angles, a qualitative inspection is often sufficient to determine the

correct £-value. The data shown in Fig. 6 were crucial in the problem of

locating the M1 strength in 208Pb (see below).

A record number of 384 resonances in the 25-900 keV region, observed

in neutron transmission and scattering measurements on 206Pb, have been

analyzed by Horen, Harvey, and Hill./"/ The results are shown in Fig. 7-

The s-wave data were first analyzed with a constant temperature model for

the level density, i.e.,

P(EX,J*) = (2J+1) Ce
E* / T,

where C and T are constants, and the excitation energy, E^, is given by

the sum of the neutron binding energy and the incident neutron energy.

The measurements yielded C = 0.0077 levels/MeV and T = 0.9 MeV. These

values were then employed to calculate the number of p- and d-wave reso-

nances and the results are shown as dashed lines in Fig. 7. The fairly

good agreement between the calculated and experimental curves for the d-

waves was interpreted as a verification of the (2J+1) dependence of the

level density. However, more p-wave levels were observed than expected,

particularly in the region below E n * 500 keV. There was thus a

suggestion of a parity dependence of the nuclear level densities (more

1/2" levels than 1/2+ levels), although such a dependence might only be a

localized effect, since the slopes of the experimental and calculated cur-

ves for the p-wave resonances (see Fig. 7) agree fairly well above 500

keV. The effect observed in 208Pb might also be symptomatic of a more

general effect predicted by Soloviev, Stoyanov, and Vdovin.1^/ These

authors explicitly showed through calculations that the ratio of the

number of positive parity states to the number of negative parity states
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was different from unity at the neutron binding energy for a large number

of nuclei.

VII. Doorway states

If structure is observed over some energy range in the average cross

section for a particular reaction channel with a width intermediate

between the widths of narrow compound nuclear states (~ eV for heavy and

~ keV for light nuclei) and broad single-partiole states (~MeV), the

structure is referred to as intermediate structure. The resonances

responsible for such structure constitute the doorway state. Doorway sta-

tes in odd-A compound nuclei are usually two-particle/one-hole (or three

quasiparticle) states and are often also interpreted in terms of particle-

core excitations. In neutron spectroscopy, it is customary to identify

doorway states by means of abrupt changes in strength function. While

isolated doorway states are certainly interesting, doorway states common

to two or more channels are especially so because their observation brings

to the surface the restricted set of relevant components out of the

million or so constituents of the compound state wave functions .'^/ ^n

example of a doorway state in 208Pb common to the neutron''' and

photon''"' channel is shown in Fig. 8. The correlation coefficient bet-

ween the reduced neutron widths and the ground state photon widths for the

1+ resonances in the 0-450 keV region is given by p=0.57 ±0.12.

Excluding the doorway (shaded region) results in negligible correlation, P

= -0.03. The doorway state occurs at an excitation energy of T'^9 MeV and

its significance will be discussed below.

IX. Where have all the M1 strengths gone in 2o8Pb?

In the simplest shell model picture/^/ (see p . ^ g ) ; only two 1
+
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states can be constructed in 208Pb resulting from the one-particle, cne-

hole configurations v(i-| 1/2*^-13/2^ m ^ ^"g^'^ii/Z^* Th e s e states would

have unperturbed energies of 5.55 and 5.86 MeV, respectively. Since they

are nearly degenerate in energy, they are expected to mix strongly. To

calculate their energies further, one must fix the relevant effective

interaction which can be classified as (01*02) and (OI #O2)(TI«T2) in

character. In fits to nuclear spectra, the latter component is quite we.ll

determined, but phenomena considered so far are insensitive to the (01*02)

interaction, and an understanding of the M1 distribution in 208Pb is cru-

cial for pinning it down. In 1971, starting with the above unperturbed

energies and a small (01-02) component, Vergados^^/ calculated a 1+ state

at 5.45 MeV with neutron and proton components of the wave function in

phase, and an out-of-phase 1+ state at 7.52 MeV. Both of these states

have the same isospin as the ground state of 208Pb, but the former is

sometimes loosely referred to as an isoscalar excitation, and the latter

as isovector, by analogy with excitations in charge-symmetric nuclei.

With bare magnetic operators, the upper 1+ state at 7.52 MeV was found to

carry most of the strength [B(M1) + » 48 MQ2] while the lower 1+ s':ate at

5-4 MeV had little strength [B(M1)+ =1 u 0
2 ] . Here, B(M1)+ denotes the

upward M1 reduced transition probability, and PQ the nuclear magneton.

The inclusion of two-particle/two-hole configurations will naturally

result in the fragmentation of these states into many components.

For nearly a decade, experimentalists have been struggling with the

problem of locating the Ml strengths in 208Pb. Before ORELA

measurements''' '*' seriously entered the picture in 1977, the claims

reached a startlingly high value of B(M1)t « 67 P Q 2 (see ^ 6 * 1 ^ ) .
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vicissitudes of the 1+ states in 208Pb have been discussed in great detail

elsewhere, and the present situation is summarized in the bottom part

of Fig. 10. The relatively well-established Ml strength of a 8.5 u0
2 is

shared between 35 states clustered in the 7.25-7.82 MeV region, and the

less well-established strength, also of » 8.5 MQ 2, is shared by 7 states

in the 8.22-9.40 MeV region. The main portion of the well-established M1

strength in 208Pb is in fact found between 7-40 and 7.55 with a total

B(M1)+ value of 6.0 vo^- from radiative neutron capture measure-

ments. ̂11 > 1 ^ For the same region, threshold photoneutron studies7'15/

suggest a somewhat lower integrated M1 strength of 4.4 vQ2. The bottom

part of Fig. 8 shows this region as a doorway state at » 7.49 MeV.

Returning to the doorway state (Fig. 8) in the entrance neutron chan-

nel, the relevant 2p-2h states can be pictured alternatively as a

3P1/2 h°le state (207Pb ground state) coupled to a particle-core excita-

tion consisting of a 3J5/2 particle and the 2.62 MeV, 3~ core excitation.

The 3dg/2 singleparticle neutron state (see Fig. 9) lies 4.97 MeV above

the 3P1/2 hole state. Therefore, 1+ doorway states are expected at

a (2.62+4.97) = 7.49 MeV in agreement with observations. Conversely, the

observed neutron doorway state validates the particle-core excitation pic-

ture.

If a neutron doorway is expected at 7.49 MeV, a photon doorway at

7.52 MeV (Vergados^13/)) and a common doorway is indeed experimentally

observed at 7.49 MeV, one might ask what is the problem? To answer this,

consider the density-dependent, particle-hole interaction of the type

suggested by Migdal:
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FPh(1,2) = qo«(rI-r2)[fCp) + f'(p

g(p)ai«a2 +

Define gpn = gnp = g-g'; and gpp = gnn = g+g'.

The results of RPA calculations^ ̂ based on the above interaction are

shown in Fig. 11. Note that these early calculations (and others as well)

always left two main spike. Different theoretical estimates of the total

M1 strength in 208Pb yielded values between 20 and 50 w0
2. The theoreti-

cal problem posed by the existing measurements lies less in this total

strength (since clusters similar to the ORELA cluster might be present

elsewhere) than in the absence around 7.5 MeV of strong 1+ states pre-

dicted by nearly all RPA calculations. There are at least two ways out of

this problem. One would be to strongly quench7'"' (through mesonic

renormalization) the gs factor in the magnetic operator, which might

account for the reduction in both the M2 and M1 strengths in 208Pb. The

other is to consider new physical mechanisms that shift the strength to

higher excitation energy, beyond the present ORELA window of accessibi-

lity. It has been shown' '2,1b/ y ^ ^e use of an energy-dependent effec-

tive mass, m*/m, in the -^Iculation of the unperturbed single-particle

energies has the consequence that the M1 strengths are pushed to higher

energy and spread out there. Still, the HI problem in 208Pb poses a

challenge and the answers carry implications far beyond conventional

nuclear structure considerations, since meson exchange currents and

nucleon-A(1232 MeV) coupling have been invoked to reduce the M1 strengths

in heavy nuclei.
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X. The E2 strength in 2 0 8Pb

A peak in a strength function may be considered a giant resonance if

its strength exhausts a significant fraction of the energy-weighted sum

rule (EWSR) for that nultipole type of giant excitation. The earliest and

best known example of a collective nuclear excitation is the giant dipole

resonance. This is a vibration of neutrons against protons, or an isovec-

tor vibration. An example of the isoscalar vibration, in which the

neutrons and protons move in phase, is the giant quadrupole resonance

excited by inelastic scattering of electrons and various nuclear projec-

tiles. The peaks of giant resonances are embedded in a spectrum of very

high level density and the peaks generally overlap. The overlap is

usually minimized through a choice of the projectile (e.g., to a good

approximation, alpha particles excite only the isoscalar mode) or obser-

vation angle (e.g., extreme forward angles favor monopole vibrations).

It would obviously be very desirable to study some heavy nucleus with

sufficient detail so that the individual states which make up a particular

giant resonance are identified and characterized. A good beginning has

been made at ORELA in this direction with the systematic observation of

primary E2 transitions from the 207Pb(n, Y)208Pb reaction.^9/ i n the spe-

cial case of 208Pb, a self-contained neutron capture experiment yielding

the positions and the ground radiation widths of 2 + states is feasible.

The results obtained thus far^ 1^ are shown in .Fig. 12. The bound states

[studied by (p,p')3 exhaust C\7±2)% of the EWSR strength. The states in

the unbound region studied in the (n,y) reaction exhaust an additi lal

(8.4±O.9)/£, with the proviso that additional strengths, up to a maximum of

7%, might have been missed in these measurements. The total expected
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strength in the 7.378.17 MeV region from the tails of the E2 giant reso-

nances (at 8.90 and 10.95 MeV) is reasonably consistent with the observed

strengths./14/

At the 40 m flight station, where these 208Pb measurements were done,

the experimental resolution was 200 eV at 100 keV neutron energy and 2 keV

at 600 keV r.autron energy. Because of the worsening resolution, any

extension of the ORELA study of the microstructure of the E2 giant reso-

nance would require a longer flight path - longer even than the present

200 m. Physics inquiry, over a broader range of excitation would become

possible, for instance, with a flight path of 500 m (or longer) at ORELA,

with appropriate instrumentation.

The last point concerning physics inquiry can be elaborated further

by considering fast neutron radiative capture. In light and medium-weight

nuclei, previous fast neutron (5-15 MeV) capture measurements have been

instrumental in testing the merits of the direct and semi-direct models as

compared with the more microscopic shell model. An extension to higher

energy (15-25 MeV) should provide important tests of optical model

hypotheses (e.g., is the potential energy-dependent ?). In medium and

heavy nuclei, high-resolution angular distribution measurements at high

neutron energies (especially involving polarized neutrons) can yield

accurate information on the energy distributions of small admixtures of

M1, E2, and E3 strengths. This information, in turn, has repercussions on

conceptual problems involving the nucleon effective mass and A-

excitationsy21^ In other words, these new concepts can now come under

the purview of neutron capture gamma ray spectroscopy.
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XI. Nuclear spectroscopy in the Sn isotopes

The tin isotopes are well suited to a study of nuclear structure

within the framework of the nuclear shell model because the magic number

of protons (Z=50) minimizes the need for considering n-p pairing interac-

tions in theoretical calculations, and because the large number of stable

isotopes makes it possible to study systematic trends in both experimental

and shell model features. Before ORELA resonance (n,Y) measurements,'

the available experimental data concerning the energy levels in the odd-A

tin isotopes were not as extensive as one might expect on the basis of

their theoretical importance. Thermal neutron capture studies have not

been widely used due to the extremely small capture cross sections for the

heavier even-A tin isotopes. Most experimental studies (especially

nucleon transfer studies) are beset with the problem of interference from

isotopic impurities. This usually necessitates an extensive study of all

tin isotopes before conclusive results may be obtained. Resonance neutron

capture offers a powerful technique for studying tin isotopes because

interference from unwanted isotopes can be greatly suppressed through the

combination of enriched targets and selection of resonances known to be in

the nucleus under study. The results of the investigations '21/ are gy,^

marized in Fig. 13. The energies of several states, especially the 1/2+,

3/2+ and 11/2" one-quasiparticle states and the 7/2+ hole state, are

observed to change in a regular way with increasing neutron number. It is

also possible to calculate various spectroscopic properties (level

energies, electromagnetic moments, and transition rates) on the basis of a

model which pictures the odd Sn nuclei as being formed by coupling tile

motion of the odd neutron to the states of the neighboring even-mass core.
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The experimentally determined level properties of 119Sn, n 7 S n , and ilsSn

have been qualitatively reproduced by such calculations,/21/ ^he mecha-

nism by which the p-wave neutron resonances in these nuclei decay by y ray

emission has been studied by Martsynkevich and Rudak.'"/ These authors

find that the y decay proceeds predominantly through a single doorway

state and that good agreement is obtained between experiment and model

calculations.

XII. Valence neutron capture

The neutron resonance capture reaction for even A nuclides can be

pictured as a series of two-body interactions beginning with the entrance

scattering state, proceeding through 2p-1h doorway states, and leading

ultimately to the statistical rdtuation involving many nucleons. While

the statistical picture is the general norm, nonstatistical effects have

been found in thermal and resonance neutron capture from several nuclides.

In some special cases, it is possible to interpret the results in terms of

direct transitions between the single particle component of a valence

neutron orbiting an inert core and some simple final state with large

spectroscopic factor. This model, called the valence model,/23/ assumes

the single particle resonance as the common doorway and predicts a propor-

tionality of the partial radiation widths with the product 6n x 6f, where

^ = yn/ysp is the dimensionless reduced width of the resonance in

question and Qf is the spectroscopic factor of the final state.

It was suspected for some time that resonance capture of s-wave

neutrons in 5ltFe might be a prime candidate for valence neutron capture in
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the region of the 3s size resonance. Direct confirmation of the valence

capture mechanism in 5l+Fe required the measurement of the Y-ray spectrum

from the 7.7 keV, s-wave resonance. This was accomplished recently at

ORELA. '̂ As shown in Fig. 14, the valence intensities are in remarkable

agreement with the resonance spectrum.

XIII. Gamma-ray strength function for primary E1 transitions

In recent years, the limitations imposed by the Porter-Thomas fluc-

tuations in the study of primary Y rays following neutron capture have

been partly overcome by "resonance-averaging" techniques. The incident

neutron beam is chosen with an energy distribution sufficiently broad that

many compound nucleus resonances contribute to the capture process. The

two techniques most commonly employed in average-resonance-capture

measurements involve the use of "reactor-neutrons" and "filtered-beams".

A third method of obtaining individual Y-ray spectra from a large number

of resonances and summing them after appropriate normalizations was

accomplished recently in the case of the l73Yb(n,y) reaction.^^ The

resulting average radiation widths (and hence the Y-ray strength function)

were found to be in good agreement with the Axel-Brink predictions. The

predictions are based on two key ideas: (1) The giant dipole resonance

(GDR) governs the width of the transition from the capturing state to the

ground state, and (2) If it were possible to perform a photoabsorption

experiment on an excited state, the cross section would still have the

same Lorentzian energy dependence as the giant dipole resonance. The

average radiation widths (T^ in eV) of primary transitions are then given

by the expression:
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+• 3

= 8.67x10-8 E Y
 qo rg (MeV3)

where f is the Y-ray strength function, Dj the average spacing in eV of

resonances with the same angular momentum (I) and parity values, Ey the

primary Y-ray energy in MeV, a0 the peak GDR cross section in mb, E_ the

GDR peak energy in MeV, and TB the GDR width, also in MeV. According to
o

theory, the gamma-ray strength function itself is independent of I. If

the GDR is split into two components (as for a deformed nucleus), the two

contributions are added.

The study of capture gamma-ray spectra averaged over as many resonan-

ces as possible provides one of the best experimental means of directly

obtaining reliable values for radiative transition probabilities from

highly excited nuclear states. There exists now a growing body of

strength function data generated at Oak Ridge,/26/ Warsaw,/2^ and

Lund.'^o/ The Warsaw and Lund groups have applied the average (P,Y)

method to study the strength functions of dipole electric transitions.

Unlike the (n,Y) case, they need to invoke the Hauser-Feshbach theory in

relating the (P,Y) cross sections to the Y-ray strength function. The

(p,Y) and (n,Y) efforts are summarized in Fig. 15. There is a general

tendency for the Lorentzian extrapolation to overestimate the radiation

widths slightly (» 10-3055) but the overall agreement is good in all cases

except for nuclei near closed shells. For llfl>Nd and llf6Nd (near the N=82

closed shell), the Lorentz extrapolation severely overestimates the

strength functions by factors of 2.3 and 4.6, respectively.
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XIV. The "Li(n,a) reaction at low energies

At energies between 0.1 and 1 MeV, the dominant feature of the

neutron-induced reactions on 6Li is a large 5/2" resonance located at 246

keV. Below 10 keV, the 6Li(n, a) cross section follows a 1/v law with a

thermal value of 940 barns. The large 1/v cross section implies a large

£=0 component which is dominated by the S=1/2 channel spin.^9/ However,

a state in 7Li having J'" = 1/2"1" (S=1/2) which might account for this has

never been observed as a peak in the ^i+n reaction. Secondly, the

^iCn,3H)a angular distribution data in the region near the 5/2" resonance

are such that they require the existence of another positive parity state

having Jv = 3/2+ (S=3/2>y29/ Again, such a state has not yet been

observed in 7Li. Finally, the ^ K n , 3H) a reaction has shown (see Fig. 16)

sizable anisotropies at very low neutron energies. Because of the domi-

nance of s-wave neutrons in the entrance channels, angular distributions

produced by low energy neutrons would be expected to be isotropic.

Although the specific source is not known, the observed anisotropy is

generally ascribed to s-p wave interference.

The data shown in Fig. 16 represent the first forpy at ORELA into

the fields of resolved resonance spectroscopy in the (n, a) and (n,p) reac-

tions .'30/ fftg targets studied were 6LiF and 59Ni and the measurements

were made with a diffused-junction Si detector. The targets were located

9 m from the water-moderated Ta target.

Returning to 7Li, since the 1/2+ and 3/2+ states have not been

observed explicitly as resonance peaks, Weigmann and Manakos^/ proposed
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the presence of a direct reaction amplitude due to deuteron exchange in

order to explain the data in a satisfactory fashion. Without involving

such direct reaction mechanisms, Knox and Lane'32/ have recently attempted

a multilevel, multichannel R-matrix analysis of the data. The i-O contri-

butions are included as two unbound levels with widths so large that these

levels would not be observed in the traditional sense but would manifest

themselves as slowly-varying interference effects. With this purely com-

pound nuclear approach, Knox and Lane'32/ have also succeeded in

explaining the vast amount of integral and differential data pertaining to

7Li. For instance, they calculate a value of 1.04-4 for the 3H/a ratio at

100 eV and 0°, compared to the measured value of 1.060 ± 0.015 (see Fig.

16).

XV. Subthreshold fission

The earliest observations'33/ of intermediate structure in sub-

barrier fission were in the cross sections of the target nuclei 237Np and

21f0Pu. The theoretical groundwork for understanding these phenomena was

laid by Strutinski'34/ ̂ y including deformed-well single particle states

in the calculations of nuclear rest energy. These so called shell effects

produce several minima in the potential energy surface as the nucleus is

deformed from its ground state configuration to that associated with the

final saddle point configuration. Using this theory, Lynr/35/ an<}

Weigmann/36/ interpreted the observed structure as a coupling of a special

state in the intermediate well (class II) to the states in the ground

state well (class I). It is through this coupling mechanism that we are

able to study the properties of the fission barrier from the fission and
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coupling widths. The level density of the class II states is also of

obvious interest.

The types of subthreshold fission experiments that have been per-

formed over the past deeade^// using neutrons as probes divide into three

categories, depending on the excitation energy in the intermediate well;

and, thus, on the complexity of the wave function describing the class II

state.

At low excitation energy, the wave function can be described as a

single 3-vibration. Since the projection of the total angular momentum

along the cylindrical axis, K, is expected to be a good quantum number,

the vibrational state should have a rotational band built upon it.

Possible examples of this are found in the threshold region of 230»232Th

and 231Pa where gross structure is seen at 0.76 MeV in 230Th, at 1.55 and

1.75 MeV in 232Th, and at 0.16 MeV in 231Pa. Each gross structure has

associated with it some fine structure which has been interpreted as evi-

dence for rotational bands. The parameters of these bands are not well

determined, but the moment of inertia appears to be much larger than that

of ground state rotational bands.

At higher excitation energies the simple vibrational state spreads

into neighboring class II states. The wave functions of these states now

contain a component of the damped vibrational state. The structure

observed near 310 keV in 23kU+n has been interpreted in terms of a damped

vibrational state in the intermediate well. In fact, there is much more

fine structure in the threshold region of 23<4U and in all threshold nuclei

(230Th, 232Th, etc.) studied than can be explained in terms of damped

vibrational states. The problem is to deduce where these states are
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located, especially when the spreading width is large and the vibrational

state blends into the fine structure background. Information on the spin

and parities of the structure may help in locating the vibrational states,

but these msasurements require high neutron intensities, are difficult to

do, and probably will not be pursued in the next five years.

At still higher excitation energies the wave function of the class II

state becomes a complex mixture of intrinsic and vibrational components.

The class I level spacing now is of the order of or greater than the total

width of the class II state, and therefore, only a few class I states

acquire fission strength from the class II state. In these cases the

shape of the class II resonance is not well defined and the fission and

coupling widths are determined only with large uncertainties. Indeed, it

is difficult to present convincing arguments that the resonance which is

observed to have the largest fission width is the class II resonance.

Only in the case of a near degeneracy between a class II state and a class

I state can we be sure that we are looking at the class II resonance.

Also the large ratio of the class II to class I level spacing limits to

just a few the number of class II states that can be studied in detail in

a given nucleus.

In the past decade, fission data of the last category have been accu-
37

mulated on many isotopes,/3D/ but two of these carried cut at ORELA are

particularly noteworthy: 237Np and 2lt()Pu. In the 237Np

experiment /3o/ ^he target and the neutron beam were polarized and the

spins of the class I resonances which are coupled to the class II state

were determined. This experiment confirmed that the class II state has a

unique spin and parity and that it only couples to class I states which
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have the same spin and parity. In the 2tf0Pu experiment,^39/ several

instances of coupling between class II and class I states (see Fig. 17)

were observed, as well as a clear example of near degeneracy at 1405 eV

between a class II state and a class I state. In addition, since the

fission widths of the cluss II state wet- much larger than the total

widths of the class I states, it was possible to determine quite accura-

tely the fission and coupling widths of the class II states in this

nucleus.

It is axiomatic to the Strutinski theory that structure in the

fission barrier can be more complicated than the double-humped barrier.

In particular, the idea of an asymmetrically deformed third minimum in the

fission barrier for the light actinides, proposed by Moller and Nix,/i|0/'

is now supported by d a t a ^ ^ on 230Th, 232Th, and 231Pa. In the case of

232Th, a third well with a height of around 5.5 MeV above the ground state

can host vibrational levels which, in turn, can explain the fission struc-

tures observed at neutron energies around 1.4, 1.6, and 1.7 MeV. If this

picture is correct, there should be very little, if any, subthreshold

fission cross section in the case of 232Th. There were, however, prelimi-

nary indications'1^' of a subthreshold fission peak at 2 keV. A high-

resolution 232Th(n,f) measurement from 100 eV to 1.6 MeV has just been

completed at 0RELA.'^3/ fhe new results show no evidence for subthreshold

fission structure in the low energy region.

XVI. The average nuclear potential

As shown by the preceding examples, the levels accessible in the

neutron window can be treated individually (to deduce isospin impurities,
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s+d-wave mixing, valence capture, etc.), or as clusters (to identify door-

way states, M1 and E2 strengths, subthreshold fission, etc.) or in toto

(to derive level densities, gamma ray strength function, etc.). For most

nuclei, however, the structure in the window is too complicated to be

understood even as clusters. Still, the observation of the individual

levels by a high resolution neutron transmission experiment is important

for a different reason. It is possible, for instance, to separate the

various partial waves through detailed R-matrix analysis of transmission

data and carry cut an averaging procedure, as was done recently by Johnson

and Winters, ' to obtain just two numbers for each partial wave which

are related to the real and imaginary parts of the average scattering

matrix element. In turn, one can find the volume integral for both the

real and imaginary parts of the optical model potential and, finally, the

centroid and spreading width for the nearest single particle state for

each partial wave.

Figure 18 shows the ^Ca total cross section measured by Fowler,

Johnson, and Hi11.'^5/ j n a preliminary analysis, the scattering matrix

has been averaged separately for s-|/2, Pi/2> and P3/2 waves and tilen

interpreted by an optical model. As expected, the real well depth was

such as to bind the 2p state and to leave the 3s state just unbound.

However, the imaginary depth and the corresponding spreading width were

an order of magnitude smaller for p-waves than for s-waves. This result

is to be contrasted with those in 3 2S, where the imaginary depth was

nearly equal, but the real depth was ~ 10 MeV deeper for p-waves than for

s-waves. ̂"' These results are unexpected and not explained or understood

now.
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XVI. Conclusion

Nuclear spectroscopy with neutrons continues to have a major impact

on the progress of nuclear science. Neutrons, being uncharged, are

particularly useful for the study of low energy reactions. Recent advan-

ces in time-of-flight spectroscopy, as well as in the gamma ray

spectroscopy following neutron capture, have permitted precision studies

of unbound and bound nuclear levels and related phenomena. By going to

new energy domains, by using polarized beams and targets, through the

invention of new kinds of detectors, and through the general improvement

in beam quantity and quality, new features of nuclear structure and reac-

tions have been obtained that are not only interesting per se but are also

grist for old and new theory mills. The above technical advances have

opened up new opportunities for further discoveries.
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TABLE I. ORELA specifications and performance

L-band, 1300 megacycles

10-200 MeV electrons

15 amp peak current (T < 24 nsec)

3-1000 nsec burst width

5-1000 pulses per second

50 kW electron beam (x > 24 nsec)

10 neutrons/pulse (x > 24 nsec, Ta target)
i ̂

10 neutrons/sec (average, 50 kW)
1 8

4 x 10 neutron/see (peak, 15 amps)
1.9 x 10 x E-°<75 neutrons/sec/steradian/eV

Because of the large number of parameters, an
intercomparison between different facilities is
difficult. An attempt has been made by G.F.
Auchampaugh, "Status and comparison of new,
planned, and upgraded pulsed 'white' neutron
source facilities since 1970," in Nuclear Cross
Sections for Technology, edited by J.L. Fowler
and C.H. Johnson, NBS Special Publication 594
(1980), p. 920. The paper by J.W.T. Dabbs,
"Neutron Cross Section Measurements at ORELA,"
immediately following (p. 929) the above paper,
contains more details concerning ORELA.
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Table II. The multiplicity of flight paths and working stations at ORELA.

Flight
Path No. Angle

Distance
(meters) Present major use Detector Present major user(s)

90° left
f" 18,80,200

[ 80,200

2

3

4

5

75°

60°

60°

75°

left

left

right

right J

9,33

10,33

20

f 20,85

6 90° right 20,40,150

7 105° right 40

8 120° right 22

9 165° right 50

10 130° left 5

11 105° left 11

Transmission

Elastic scattering

Fission

Not used now

"v on small samples

Capture

v of 252Cf

Fission, capture,
transmission,
(n,xn), (n,x-y)

Capture

(n,nfy)

Not available now

Not used now

Capture

6Li glass, NE-110

6Li glass, NE-110

Ion chambers

J.A. Harvey, C.H. Johnson, D.C. Larson

N.W. Hill, D.J. Horen

J.W.T. Dabbs

Liquid scintillator R. Gwin, R.W. Ingle

Liquid scintillator J.H. Todd, L.W. Weston

Liquid scintillator R.R. Spencer

Ion chamber, liquid ")
scintillator, 6Li- I D.K. Olsen, R.B. Perez, G. deSaussure

glass, NE-213 J

Liquid scintillator R.L. Macklin

Ge(Li) detector J.K. Dickens

Ge(Li) detector S. Raman, G.G. Slaughter



Fig. 1. The flight-path layout at ORELA. Note that the flight paths

and experiment stations are predominately below the ground level.

Fig. 2. Two levels ax, 7.517 MeV, only 440 eV apart, are well-resolved

in ORELA. data taken with a liquid scintillator tank at 150 in.

Fig. 3. If the 208Pb nucleus is like a giant mansion, then neutron

resonance spectroscopy is the opening of an upstairs window affording a

rare glimpse of several interior rooms.

Fig. 4. In 2i+Mg, total cross section measurements show the excitation

of a resonance at 475 keV. This resonance corresponds to an isobaric ana-

log resonance in 25Mg whose parent is the 5/2+ ground state of 25Ma. Such

an excitation must proceed through isospin impurities.

Fig. 5. At 1~ resonance in 208Pb is produced by s-wave and d-wave

neutron interactions on the 1/2" ground state of 207Pb. In the past, d-

wave contributions have been usually ignored. The top curve shows poor R-

matrix fit with s-waves only. In the analysis, the small resonances are

excluded by assigning large error bars to them. The bottom curve shows

excellent fit with s+d wave admixtures.

Fig. 6. Transmission and elastic scattering measurements, carried out

with comparable resolution, yield spin and parity values for resonances.

Data shown here helped in the problem of locating the magnetic dipole

strength in 208Pb.

Fig. 7. Plots of the cumulative number of s-, p- and d-wave resonances

(top to bottom, respectively) versus neutron energy for the 206Pb+n reac-

tion. The dashed lines represent calculated curves using a constant tem-

perature model for the level densities. There is an unexpected overabun-

dance of p-wave resonances.



Fig. 8. There is a highly-correlated, common (neutrons and photons)

doorway state in 207Pb+n.

Fig. 9. In a simple picture, two and only two 1+ states are expected in

208Pb with unperturbed energies of 5.55 and 5.86 MeV. These states mix

strongly. Inclusion of 2p-2h configurations results in the splitting of

these two states into many components.

Fig. 10. ORELA measurements of M1 strengths in 208Pb have (a) correctly

identified the strength in the 7-37-7.75 MeV region, (b) raised the possi-

bility of similar clustering elsewhere, and (c) stimulated a reexamination

of the assumptions made in theoretical calculations.

Fig. 11. Dehesa et al. (Ref. 16) have considered the fragmentation of

the M1 strength due to the inclusion of 2p-2h excitations (by considering

the influence of seven low-lying core-excited states). With a bare Sch-

midt operator, the summed strength is ~ 30 yo^. Note that two states con-

tinue to dominate.

Fig. 12. Summary of E2 strengths from individual states in 208Pb to the

ground state. The B(E2) values in the 7-37-8.17 MeV region explicitly

show the rising tail of the giant quadrupole resonance.

Fig. 13- Six tin isotopes were systematically investigated at ORELA

utilizing resonance neutron capture Y-ray measurements. Level energy

systematics, such as that shown here, constitute the backbone and testing

ground for nuclear models.

Fig. 1^. There is gaod agreement between the valence model predictions

and the measured spectrum in 51*Fe. The total valence width of ~ 2.3 eV

also agrees with the measured width of 1.8 ± O.H eV.



Fig. 15. There is good agreement between strength functions measured

via the (n, Y) and (p,Y) reactions and predicted by the Axel-Brink giant

dipole resonance nxjdel.

Fig. 16. The triton/alpha ratio in the Hu±(n, a)3H reaction differs from

unity down to 10 eV. This anisotropy probably arises from the inter-

ference between the large p-wave resonance at 245 keV and s-wave resonan-

ces which account for the large 1/v thermal cross section. Alternatively,

a direct reaction nBchanism involving deuteron exchange can explain these

results.

Fig. 17. In the case of 2tf0Pu subthreshold fission, (a)-(d) show four

class II states resolved into their fine structure components (class I).

The right side shows a plot of the class I fission widths versus resonance

energy. Four class II states at 782, 1405, 1936, and 2695 eV clearly

stand out. The apparent increase in the background fission width with

energy is due to a decrease in sensitivity at higher energies.

Fig. 18. The neutron total cross section of ^Ca has been measured at

ORELAo The displayed curve through the data points is an R-matrix fit for

all broad resonances and a position indicator for selected narrow resonan-

ces. The formal R-matrix analysis takes into account all resonances and

Doppler broadening.
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