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The data available on the strength of radiative transitions from highly

excited states in the threshold region are reviewed for nuclei from mass 50 to

250. Photon strength functions for El and Ml radiation resulting from measure-

ments of threshold photoneutron spectra, individual neutron spectra, and average

capture spectra are summarized. To date neither the single particle nor the

giant dipole model has given an accurate description of <F(E1)">/D. However,

the precision cf data on the magnitude and energy dependence of <T(E1)*>/D has

improved and systematic trends are emerging. Evidence for the importance of

single particle effects in the mass region A~90 are discussed briefly. Data

parameterized in terms of the giant dipole prediction appears to be the most

satisfactory basis for describing the systematics of <F(Ei)>/D in calculating

and evaluating gamma-ray spectra and production cross sections. Data for the
1 8 ireaction Ta(n,xv) are discussed. Use of the giant dipole model results in a

major improvement in the comparison of calculated and measured spectra.
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I. Introduction.

The purpose of this paper is to review our present knowledge of

the strength of radiative transitions of highly-excited states in the threshold

region. The topic is one which has been actively investigated in neutron and

photonuclear physics for several decades. It is testimony to the difficulty

in obtaining and interpreting accurate experimental estimates that even now

our ideas are still in the formative stage. We will compare the growing body

of data for dipole transitions which have been accumulated for a wide range

of nuclei with the predictions of various simple models of radiative transitions.

Our discussion will be restricted to the mass region, bQ-Z'JO where as a first

approximation we can rely on the statistical model ot" highly excited states for

a description of the properties of individual resonances. Under these assumptions.

individual radiation widths should be distributed according to the Porter-Thomas

distribution. Resonance energies and spacings should be governed by well

established laws such as the Wigner distribution. Variations in local averages

of resonance in transition strength should be consistent with the random

fluctuations in level density and width characteristic of these distributions.

Under these conditions it is convenient to tiiscuss the transition strength in

terms of the photon strength functions far the various rnultipole types of

transitions. For our discussion we define the strength function for rmiltipole K1p

as the dimensionless ratio of the average width to the mean spacing of states of

the appropriate spin and parity: S(Mp) = < V . *> / D. (1)

We expect the radiative strength corresponding to possible individual nuclear

configuration to be spread over excitation regions large compared to the level

spacing. In this case, any nuclear structure effects if important should manifest
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themselves in variations in the strength function with energy and the mass.

II. Single PartiHr Model .

The simplest and most widely used estimate of the photon strength

function comes from the single-particle estimate of radiative transitions due

to Weisskopf. In this calculation a one-nucleon transition between bound

single particle states is assumed. All wave functions are assumed to be constant

within the nuclear radius and zero outside. The resulting estimates are

< T .(Ei)> /D = 6. 8 x iO"8 A 2 / i E, 3 / DQ

< rY.(Mt)> /D = 2. ! x 10"8 E 3 / DQ (2)

•' V (E2»*>/I) - 4. 9 * 10"14 A17" RS / D

wher*> D is customarily assumed to be a .•single particle spacing. The intro-

duction of this level spacing has never been put on a sound theoretical basis,

and over the years D has been treated as an empirical parameter which is

adjusted to give the best fit to available data.

However, the single particle estimate for El can be more firmly

established by using the connection between the strength function and the cor-

responding photon absorption cross section:

<<r > = 2w2*2g T .)/D . • {H\

For E! radiation, the absorption cross section can be constrained to satisfy

the classical dipole sum rule:
•6

f ffa * ctE * . 060 NZ/A MeV barns . { 4 )

0

It is reasonable in view of our knowledge of the systematics of The El giant

dipoic rt'sonancc to assume that the upper limit of the integration is approximately

40 MeV. Using the mass and energy dependence indicated by the Weisskopf

expression in evaluating the sum rule leads to the relation:

<T (Et>)/D = 8.8 XIO"9E3 A 2 / 3 W
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for a nucleus with A=I60. This expression should be reasonable zeroth

approximation to the El strength function.

Fig. 1 is a comparison of this single particle prediction with the

data available on < T .(Ei)>/ D. These data include results

from measurements of average capture spectra, resonance capture spectra,

and threshold photoneutron spectra. In compiling this data we required that

the number of resonances studied in any measurement be sufficient to suppress

the uncertainty imposed on the data by Porter-Thomas fluctuations. For this

reason there are fewer data points than have been included in earlier

compilations. The qur.ntity plotted is actually the photon strength function

divided by the energy anti mass dependence of the single particle estimate.

The solid line is the prediction based on the dipole sum rule. Clearly the

latter predicts values much too iarge. If we arbitrarily decrease the single

particle estimate by a factor of 3. 5 we obtain the dotted curve which is in

crude agreement with the data. However, the discrepencies for the lighter

nuclei and the arbitrary character of the best normalization suggest that a

more refined model is necessary.

III. Giant Dipoie Resonance,

Ô f knowledge of the systematics of the giant dipole resonance

tell us that the single particle model with its uniform distribution of dtpole

strength is completely unrealistic. The situation is described in Fig. I for

a nucleus of mass ~ i90. Here the single particle dipole matrix element

is compared with the value implied by the empirically established Lorentaian

approximation to the giant dipole resonance. The natural refinement first

suggested by Brink and implemented by Axefwas to use the systematics of
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the giant dipole resonance in heavy nuclei to predict the strength function in

the threshold region. Two assumptionsare necessary. First, it is assumed

that the dipole strength in the threshold region can be described by the low

energy tail of the giant dipole resonance. This tail is then parameterized in

terms of the classical Lorentzian shape that is used to fit the main part of the

dipole resonance in the damped-harmonic oscillator model. The second

a a sumption peA&'ms to the relationship between radiative transitions in photon

and neutron induced reactions. In (n, Y) reactions transitions to a range of

final states occur while in the (y, n) reaction the transition always corresponds

to the inverse of the (n, Y) ground state transition. The relationship between

photon strength functions for theflt two reactions is not evident. The usual

assumption is the Brink Hypothesis, namely that each excited state has

built on it the same giant dipole resonance as the ground state. This then

establishes the equality of the strength functions as observed in the inverse

reactions. This is indicated schematically in Fig. 3.

Following these assumptions Axel nas used parameterization of

the giant dipole resonance that is applicable to a wide range of nuclei to develop

a relationship for the photon strength function expected to be accurate in the

threshold region:

; r ) / D - - 6 . I X I O " 1 5 E 5 A 8 / 3 . <&>
yO y

E is in MeV.
V

In Fig. 4 we have presented a summary comparison of FA

photon strength functions parameterized in terms of the giant dipole model

with the predictions of Axel. The solid line is his prediction. The results

are very interesting. As in the case of the single particle model the overall
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agreement is poor. In the mass region between between 150 and 250 the

giant dipoie model badly overestimates the El strength. Perhaps we

should not be surprised at this since only the order of 1% of the total El

strength as given by the classical dipoie .sum rule is expected to occur

below the threshold region. The B rink-Axel treatment may simply not be

capable of describing such detail.

IV. Nuclear Structure Effects.

At the moment the best strength function estimate appears to be

the "retarded" single particle value. This suggests that the radiative

strength be attributed to some residual single particle strength in the

4
threshold region. This possibility has been extensively discussed by Lynn

in developing his "Valence" approximation of radiative transitions. He observes

that the giant dipoie resonance is customarily attributed to the residual inter-

action between an excited core nucleon and the nucieons remaining in a closed

shell. This interaction raises the energy of the shsil-model excitation oi the

core nucieons to the giant resonance region. However, the effect should not

be nearly as great for valence nucieons in partially filled shells. Consequently

the energies of valence transitions should be much lower than those

in the giant dipoie resonance. Considerable support for this picture is found

in the recent results from resonance-capture studies of the Brookhaven group

in the mass region A = 90 to 100 where such valence effects are expected

to be particularly strong.

A prime candidate for investigation of the valence model is the

91
nucleus Zr which can be viewed as a single valence nucleon outside a

90 91
spherical Zr core, as shown in Fig. 5. The ground state of Zr can be
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approximated by a pure 65/2. orbital, which can be connected by an El

transition to unbound pi/2 resonances. In the valence model, the transition

would be between the 3p3/Z and 2d5/2 single particle states. Using the

threshold photoneutron technique at Argonne we have investigated the El

strength for this nucleu3. Because of the high level density we were able to

resolve the structure only within 225 keV of threshold, and over such a small

region of excitation we were not able to demonstrate the existence of any

intermediate structure. However, the 35 observed p resonances

represent a large enough sample for the study of the statistical properties

of individual radiation widths. For these widths, using the valence approximation

Lynn has established the relationship given in Fig. 5. The reduced width

2 2
factors, Y, and Y measure the fractions of the appropriate single-particle

K (X

91states contained in the resonance and ground states of Zr respectively.

As this equation indicates, the presence of a significant valence component

in the mode of excitation will give rise to a correlation between F „ and

•y . This picture is strongly supported by the photoneutron data. The usual

statistical analysis gives a value of the correlation coefficient between the

radiation width and neutron width, p = 0. 59. The correlation is clearly

evident in the observed statistical distribution. The analysis of the individual

widths was pursued under the assumption that the individual transition

amplitudes are a sum of a valence term and a compound nucleus term.

Y° = v Y° j
cmpnd nuc.
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The results of this analysis are that the mean width for the valence component

2 2
of F , b y =90 meV out of an average total width of 150 meV. Using

Lynn's approximation and the observed neutron widths we obtain an identical

2 2
b v , . , = 90 meV. Such good agreement is probably fortuitous but1 predicted

the results do indicate that valence transitions account for a major portion of

the El transition amplitude near threshold.

However, to date, the importance of such single particle effects

has been clearly established only for nuclei with A ~ 90—100 near the

3p peak in the neutron p-wave strength function. Such effects are also

expected to be important in the mass regions A -̂40—65 and A ~|40 — 180

where the neutron interaction is dominated by the 3s and 4s peaks in the

neutron strength function. Thus far, the evidence for valence effects in

these regions is conflicting.

V. Energy Dependence of < T . (El) > / D.
Yi

One might hope to gain further insight into the behavior of the

strength functions by studying their energy dependence. An extensive body

of information; particularly results from measurements from average capture

spectra has been accumulated. A representative case is shown in
8

Fig. 6 where the capture gamma-ray widths for Gd isotopes are compared

with the giant dipole resonance. The solid curve was calculated from the

measured parameters for the giant dipole resonance, but the vertical scale

has been adjusted to give the best fit with the data. The relative energy

dependence is in good agreement with the prediction based on the giant resonance

parameters, and clearly conflicts with the prediction of the single particle model.

This agreement is typical of a wide range of nuclei and is a compeling reason
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for not abandoning the Brink-Axel model in spite of its consistent overestimates

of absolute values of <T (El)/D).

The other aspect of the energy dependence which should be noted

in this context is the evidence for a relatively localized but very dramatic

variation in ( r .(El)/D) in the mass region Au-Pb. Bartholomew and co-workers

in a recent review report results of an extensive analysis of a wide range of

data which establish that there is a sharp break in (F ,(E1))/D for nuclei in this
Y*

mass range at about E = 5 MeV. Below this energy it appears that El

transitions are severely inhibited.

Thus we find ourselv-es in something of a quandry as to

how best to describe the electric dipole strength function. While the

Brinlc-Axel model best describes the energy dependence, a somewhat

retarded single particle estimate gives the more reasonable variation with

atomic mass and better absolute values. I would suggest for the moment that

we continue to rely on the giant dipole model. The accuracy of the data on

El strength functions continues to improve. When existing data is parameterized

in terms of this prediction, as in Fig. 4, the suggestion of a trend begins to

emerge. Perhaps eventually the El strength function will be described

satisfactorily in terms of a modified Brink-Axel model. In the meantime,

the model does offer a convenient parameterization into which to cast the

experimental data for use in the prediction and evaluation of gamma-ray

production cross sections.
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VI. Ml Transitions.

9
Previous estimates of the magnetic dipole strength function

have been made by using Eq. 6 together with the observed ratio of the

average widths for El and Ml transitions. Consequently the observation of

structure in the El strength function or deviations from the Brink-Axel

estimate, Eq. 2, will affect our estimates of the magnetic dipole strength

function. If we restrict ourselves to measurements which establish

absolute values, the information is indeed fragmentary. The results are

shown in Fig. 7. For the most part the data are consistent with the earlier

9
suggestion of Bollinger that the photon strength function be approximated by

18X10 . This is roughly 10 to 20 times the single particle value. Strong

evidence for enhancement above this value exists for the Pb isotopes, as a

result of both electron scattering and photoneutron measurements . For

207

Pb the strength observed in the excitation region 7 — 8 MeV in the threshold

photoneutron measurements are consistent with the existence of the giant Ml

resonance resulting from the collective contributions of spin-flip transitions

between the i . . and i . neutron orbits and between the h . and
\ ~) f £• 1 1 / L WICt

h ._ proton orbits. There is also evidence for strong Ml transitions in
9/^

the Ruthenium isotopes from recent resonance capture results of Chrien and

co-workers and evidence for an inhibition of Ml transitions in the Au-Ta

region (see Fig. 7). However with the exception of the Pb isotopes, it

has not been possible to establish a relationship between nuclear structure

and observed values of the Ml strength function nor to justify the background

value 18 X 10 , which characterizes many nuclei. A major objective of

future work should be a systematic study of Ml strength over the periodic

table and a search for significant departures from this background value.
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181
VII. Gamma Ray Production in Ta (n,xY).

I would like to finish by discussing briefly the application of data

on photon strength functions to calculations of the gamma-ray production cross

181
sections of Ta. It is clear from our discussion that for the present we

must rely on the normalization and energy dependence of the photon strength function

as measured for the same or neighboring nuclei in evaluating or predicting

gamma-ray production cross sections. Fortunately measurements of

average resonance capture ha-"e been made for Ta. Representative results

are shown in Fig. 8 . The E energy dependence characteristic of the

Brink-Axel model shown by the solid curves, is in accord with the spectra.

Unfortunately, to date, evaluations of gamma-ray production

14
cross sections have been based on simple empirical evaporation models

whose relationship to more basic nuclear parameters remains obscure.

However Bartholomew and co-workers studied the implications of fast

181
neutron gamma-ray production spectrum for Ta with regard to the photon

strength function. Although it was not their intention, the analysis of such

spectra in light of other more direct measurements of ( F(E1))/D was

already in a sense a data evaluation. They followed a fitting procedure which

utilizes a dependence of level density on excitation energy adjusted to agree

with values of the level spacing determined empirically just above the pairing

gap (~2 MeV) and at threshold. A best fit to the data is obtained by

varying the functional dependence of < r(El))/D. Their results for 0.7 MeV

neutrons are shown in Fig. 9 where it is compared with the calculated tail of

the giant dipole resonance. The agreement with Brink-Axel hypothesis in this
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case is excellent. However, the energy dependence E < 2 MeV must be

excluded in their spectrum fitting procedure.

The statistical model evaporation codes under development by

Gardner and co-workers represent a much more ambitious attempt to

calculate and evaluate gamma-ray production results. These routines

calculate complete gamma-ray spectra as well as production cross sections.

One of the principal difficulties to date lias been that the calculated spectra do

181
not show enough high energy gamma rays. Fig. 10 shows in the case of Ta

the effect of replacing the usual Weisskopf estimate for El radiation by the

Brink-Axel values. In addition, variations were made in the level density

formula used. In this calculation, the full range of photon energies were fit.

Although the results are still not satisfactory, the higher power energy dependence

of the Brink-Axel model definitely does improve the fit into the experimental

data. This work is in a continuing state of development, and I believe we can

expect further improvement as our knowledge of the photon strength functions

evolves and is applied to these calculations.
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F1GURE CAPTIONS

Fig. I Average Values of El reduced widths. The solid line is the prediction

based on a normalination according to the dipole sum rule. The dotted

line represents an arbitrary normalization.

Fig. 2 Comparison of the square of the electric-dipole matrix element cal-

culated from the single-particle estimate, dashed line, and an assumed

Lorcntz shape for the giant dipole- resonance, solid curve (see reference 16),

Fig. 3 Schematic representation of the Brink hypothesis. In the lower section

the heavy horizontal arrows indicate the magnitude of the photon strength

function, S;.

Fig. 4 Average Values of the Et transition strength. The solid curve is the

prediction of the relationship due to Axel (ref. 3) given in eq. 6.

91
Fig. 5 Schematic of the Valence Model of El transitions for Zr.

Fig. 6 Relationship of the giant dipole resonance to the El widths (ref. 8).

Fig. 7 Average Values of Ml reduced widths. The solid line is the empirical

approximation suggested by Boilinger, (ref.9 ).

Fig. 8 Energy dependence of the average intensities of transitions to individual
182

states in Ta. The dashed lines indicate the expected magnitude of

Porter-Thomas fluctuations.

iTtg. 9 Ei reduced strength function for Ta according to Earle, Lane, and

Bartholomew (ref. 7). The dotted curve represents the tail of the

giant dipole resonance.

Fig. 10 Calculated gamma-ray energy spectrum produced by 1 MeV neutrons

on Ta, according to Gardner (ref. 15). Experimental data are

indicated by open circles.
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