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Abstract

A review of the status of transactinium isotope cross sections

in the resonance region and of resolved resonance parameters is given

by summarising the work submitted by fourteen contributors and also by

highlighting other work where notable progress has been made in our

knowledge of neutron resonance phenomena.

1. INTRODUCTION

The neutron total, fission and capture cross sections of

transactinium isotopes are of importance in the design and safety of

nuclear reactors, in the safe handling and management of reactor fuels

and in the management of nuclear waste. Cross section measurements on

some transactinium isotopes, not of direct technological interest, have

on occasion greatly extended our knowledge of the basic nuclear physics

which, with continual improvement will enable the cross sections of

technological importance to be calculated with acceptable accuracy.

This report reviews the status and accuracy of existing total, fission

and capture cross sections, in the resonance region, and the parameters

of resolved resonances for isotopes ranging from Z=90 to Z=105 excluding

the better known isotopes 232Th, 2 3U, 23 U, 238, and 2 39pu. It also

reviews the statistical methods used in obtaining, averaging and examining

the resonance parameters and cross sections. As noted previously t1i, the

discovery of strong resonance structure near threshold in the fission

cross section of some isotopes leads to a natural extension of our concept

of the resonance region from the fine structure levels of the first

fission potential barrier minimum towards the effects of stationary levels

in the second minimum. These have an influence observable as resonance
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structure in fission cross sections up to and possibly beyond incident

neutron energies of 1 MeV. To include such effects the review has been

extended to results obtained on sources other than linear accelerators

but excluding underground nuclear explosions. Some techniques of

measurement or analysis are of such importance that they are considered

in this review even though they have so far been applied to nuclei

among the five better known fissionable isotopes.

Fourteen scientists kindly sent me reports giving the latest account

of their work and these are summarised in the next section. Sections 3

and 4 are devoted to a discussion of fission cross sections for odd and

even nuclei, which exhibit sub-threshold fission phenomena. It is

convenient to divide the discussion into the fine structure fission data

governed by narrow intermediate structure (sect.3) and a discussion (sect.4)

of gross structure near the fission threshold. In these sections the data

are confined to results obtained since the excellent review of Michaudon [58].

As pointed out by C.F. Powell a generation ago, new discoveries are made

once the experimental techniques capable of making them are developed.

Probably the most outstanding advance of recent years in the direct

measurement of resonance parameters is contained in the work of Keyworth

et al. t23 on the spin determination of resonances for 235U and 237 Np.

Another development in technique, in the use of a lead slowing down

spectrometer by Block et al. [263 , has lead to the discovery of sub-threshold

fission resonances in 23% and possibly in 32Th also. Recently, Dabbs et al. 3]

have developed a spherical fission chamber to counter alpha pile-up. These

techniques and others which have advanced our knowledge of resonance

neutron cross-sections are briefly discussed in sect.5. Since the early

advances of Wigner [4] and Porter and Thomas [5 neutron resonance parameters

and the cross-sections which they govern have undergone detailed analyses

designed to ascertain their distributions, to correct average values for the

effect of missed resonances, to select a quantally pure sequence of

resonances and, since the discovery of narrow intermediate structure in

sub-threshold fission, to search for energy dependent structure. Notable

advances in the last two topics have been made in recent years and are

discussed in sect.6. Finally, in sect.7, we note the areas where further

work might prove most fruitful.

2. CORRESPONDENTS REPORTS

Fourteen correspondents sent reports of work in their laboratories

which are summarised here.
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2.1 Harwell, Chemistry Division (Mrs. K.M. Glover)

Measurements [6] on the integral cross sections of 41Am leading
242

to the production of 2Cm have been made in ZEBRA core 12 and in

ZEBRA core 14 which is a close mock-up of PFR. The results obtained
242

for the production cross section of 2Cm are given below.

Calculated Experimental Ratio (Exp/Calc)

Zebra core 12 0.970b 1.50 + 0.090b 1.55

Zebra core 14 0.810b 1.275 + 0.013b 1.57

243Measurements on the integral cross section of 2Am leading to the
244

production of 2Cm are in progress.

2.2 Harwell, Linac (B.H. Patrick)

Dr. Patrick has listed the nuclear data measurement programmes of

the EEC member countries. Only three TND measurements in the resonance
241

region are planned. They are the fission cross section of 2Am from

100 eV to 100 keV by Gayther at Harwell and from 1 eV to 1 MeV by
241

Brusegan et al. at Geel, and Am(n,Y) from 100 eV to 100 keV by

Coates et al. at Harwell. In the energy range above about 10 keV,

measurements on 2 3 7Np(nf), 24u(n,f), 20p(n,), 242(n), 241Am(nf)
241

and Am(n,Y) are planned at Karlsruhe.

2.3 CCDN (H. Derrien)

The work of Derrien and Lucas f73 on the total and fission cross
241

section of 2Am supersedes the data given at the 1973 Kiev conference

because of a 1% change in the 2grn values. Values of 2gEn for 189 levels

and values of the radiation width Cy for 43 levels below 150 eV are given.

The s-wave strength function is found to be (0.94 + 0.09) 10 and the

average radiation width for 43 levels is (43.77 + 0.72)meV. The mean

level spacing below 50 eV corrected for 18% of missed levels is

(0.55 + 0.05)eV. Fission widths for 38 levels up to 39.62 eV are

given based on a single level Breit-Wigner shape analysis. They have

an average value <i = 0.23 meV and obey a chi-squared distribution

with ? = 4 degrees of freedom. The fission cross section data of

Seeger et al. t83 have been analysed to provide 36 values of f in the

energy range 20 eV to 50 eV. These results give <(= = 0.52 meV and

? = 15 in disagreement with the Saclay data. A possible explanation is
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an admixture of capture ray events in the Los Alamos fission

detector. The admixture would have to be large, 60%, but would

represent only 0.7% of the total capture. The fission widths are

in good agreement with the data of Bowman et al. t93 except for

four levels where the parameters published by Bowman are ten times

smaller than the Saclay data. The fission cross section measurements

were performed by coincident fission neutron detection at 8% efficiency

using NE213 liquid scintillator and pulse shape discrimination to

eliminate Y-ray pulses. However, the high alpha activity gives a high

neutron background from (C,n) reaction in the oxide and the measurement

could be improved by the use of a metal sample canned in a material of

high atomic number. The reduction in neutron background would enable

the neutron detection to be carried out without requiring a coincidence,

thus increasing the efficiency by a large factor 10i .

2.4 CEN, Saclay (P. Ribon)

Workers at Saclay have undertaken the measurement of 2 37Nptli,
2 3 2Th, 23& and 239Pu 12, 13 and 243Am [l4]fission cross sections with high

resolution, for example 1.5 keV at 500 keV, near the fission threshold.

The data on 237Np(n,f) show almost no structure between 0.1 and 2 MeV thus

confirming the low value of the energy of the second minimum (Ew = 1.84 MeV)

[15] and the complete damping of possible vibrational states in the second

well. The data on 2 32Th and 23tU, although excluded from consideration at

this meeting, are mentioned because they both show detailed structure in

the neighbourhood of fission threshold. In the case of 238U(n,f) cross

section the resonances discovered by Block et al. £261 are clearly seen

and detailed structure is revealed in the cross section breaks at 1 MeV

and 1.2 MeV. In the measurements on 32Th with 3 keV resolution near

1.7 MeV detailed structure is revealed in peaks at 1.4, 1.5, 1.6 and

1.7 MeV. Combined with a measurement of angular anisotropy these results

are interpreted in terms of rotational bands to give i2 /29 values of 2.5

and 2.8 for K = 3/2 bands and values of 3.9 and 4.5 for K = 1/2 bands

which enable a set of double hump fission barrier parameters to be

specified.

243
Analysis of the data on 2Am which covers the energy range 300 keV

to 5 MeV will be completed this year. The data give the ratio

G (243Am)/C(235U) to 3% for each point above the threshold.
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2.5 Tokai-Mura (S. Igarasi)

241
An evaluation of the 2Am fission cross section has been carried

out which fits the data over the energy range .001 MeV to 10 MeV,

obtained from the NEUDADA library of CCDN, by a combined resonance

term and penetrability formula in terms of 15 parameters. Another

three parameters enable a peak of poor statistical quality at 0.164 MeV

to be fitted also.

2.6 LLL (J.C. Browne)

Behrens et al. 1161 have measured the fission cross section ratios

for 233U, 234U, 26U and 23u relative to 235 over the energy range

0.1 MeV to 30 MeV. The threshold cross section method of normalisation

is used in which the fissionable isotope with a threshold fission cross

section is mixed with the thermally fissile isotope and the data should

be useful in resolving problems of normalisation. However, the resolution

attained, 15 keV at 1 MeV, precludes the observation of detailed structure

near threshold as reported for 38U [12] and 234U 59] by other workers.

Brown [173 has measured the fission cross section of 245Cm over the

energy range 0.006 eV using a 35Ag sample on a 3.5m flight path on the

LLL linac. It is planned to improve the statistical quality of the data

with a 10 log sample.

There are plans at Livermore for the measurement of fission cross

section for several transactinide nuclei, particularly 2mAm so as to

improve the measurements of Bowman et al [183 . It is also suggested

that the thermal capture cross section of 22Am which, at present, has

a 60% uncertainty could be remeasured to reduce the uncertainty to 15%.

2.7 Physics Division, ORNL (J.W.T. Dabbs)

Dabbs et al. f19] have developed a spherical plate ionization

chamber in which the ratio of maximum to minimum track length is three.

In the small sample version the maximum track length is 6 mm and the

alpha to fission current pulse ratio does not exceed /14. This enables

fissile isotopes with alpha half lives down to 30 years (e.g. 243Cm) to

be studied. Preliminary fission cross section measurements on 245Cm

have been carried out and the relative heights of 12 resonances below 16 eV

are given. Data of improved statistical quality are being processed.

Work at ORNL on 234U cross sections [59 is discussed in sect.3 and

sect.4.
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2.8 Neutron Physics Division, ORNL (L.W. Weston)

Weston and Todd [20] have carried out capture cross section
240 241

measurements on 2Pu and 2Am and measurements are planned for

242u and possibly 237Np and 24Am. The capture events are detected

by a "total energy detector" suggested by Maier-Leibnitz and developed

by Macklin [211. In this, the Y-rays are detected in NE226, a non-

hydrogenous scintillator, and sets of weighting factors dependent on

pulse height force the net efficiency to be proportional to gamma-ray

energy. Fission events are detected by a fast neutron counter (NE213

scintillator) with pulse shape discrimination. Data are shown for the

capture cross section of 240Pu over the energy range 0.1 keV to 300 keV

which are in good agreement with those of Hockenbury et al. C22] over

the more limited range of these data. The ENDF/B-IV evaluation was

based in part on preliminary results of this measurement and lie consistently

below the measurement above 40 keV.

241
In the measurement on Am, a high neutron background arose from

(OC,n) interactions in the oxide sample, thus the low fission cross

section could not be measured and the average absorption cross section

is quoted. It lies above the ENDF/B-IV evaluation at energies above
242

20 keV indicating that in fast reactors more Cm would be produced

than calculated from the ENDF evaluation. This may help to reduce the
242

discrepancy between the measured and calculated Cm production cross

section found by Glover et al. [6] . In the resonance region below 10 eV,

the single level parameters of ENDF/B-IV based on total cross section

measurements do not fit the valleys between resonances in the measured

241Am absorption cross section.

As a result of the (= <Cc>/<d measurement for 24 1Pu [23], the

ENDF evaluation below 400 eV has been improved by taking better account

of capture in missed resonances.

Gwin et al. [24J have carried out a comparison of two techniques

for measuring neutron capture and fission cross sections. Method 1 is

that employed by Weston and Todd [233 and method 2 consists of a multiplate

pulse ionization chamber to detect fission fragments and a large liquid

scintillator to detect prompt gamma rays arising from fission or capture.

It is shown that over the energy range 0.1 keV to 200 keV the two

methods give results which are in excellent agreement for 2 39 u. It is

concluded that for the measurement of >c/f the combination of an

ionization chamber and a Macklin type 'total energy' detector would

provide the most versatile system in a laboratory where a selection of

flight path lengths is available.
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It is emphasised that a sound waste management program for

power reactors and the establishment of the feasibility and

desirability of actinide transmutation in power reactors will

require additional cross section measurements on transactinide

nuclei because nuclear model calculations to date do not provide

sufficiently accurate results.

2.9 Soreq Nuclear Research Centre (M. Caner)

Dr. Caner has provided reports on evaluated cross sections for

38pu, 24Opu, 241pu and 242u. These are best considered in the session

on evaluated data.

2.10 RPI (R.C. Block)

Results from RPI are dominated by the spectacular success of

the 75-ton lead slowing down spectrometer t251 in detecting sub-

threshold fission resonances at 720 eV and 1210 eV in 238U [26] and

in the ability of this instrument to determine fission widths [271

for the three resonances in 238U below 50 eV of (10 + 1)neV at 6.67 eV,

(58 + 9)neV at 20.9eV and (12 + 2)neV at 36.8 eV. The thermal fission

cross section is found to be 2.7 + 0.3pb and is made up of the following

contributions, 66% from the three resolved resonances below 50 eV, 6.3% from
nV

<Tr> = 19.5 + 2.5Abetween 50 and 350 eV, 18.5% from the sub-threshold

group at 720 eV and 9.2% from the sub-threshold group at 1210 eV. The

fission resonance integral from 0.4 eV to 30 keV is 1.33 + 0.15mb.

Recent results on 232Th(n,f) indicates no structure below 1 keV but

a pronounced resonance is seen at 1.75 keV. The RINS produces a useable

neutron flux which is 103 - 104 times greater than that obtained by

using the linac source in conventional time-of-flight experiments at the

cost of poorer resolution, (4E/E) FWM = 0.33. In favourable cases,

fission widths of 10 eV in 1g samples can be measured in a few hours.

There are plans to measure fission in Cm isotopes in 0.1 to 1 g samples

using a fission chamber based on the design of Dabbs et al. j193.

2.11 Ghent (A. J. Deruytter)

Wagemans and Deruytter t29] have measured the fission cross section
241

of Pu over the energy ranges 0.01 eV to 20 eV and from 0.15 eV to

50 eV and have made a careful study of the discrepancies between existing

measurements in terms of the methods of normalisation. All previous data
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were renormalised to an area 1363 + 14 b.eV over the energy range

12 eV to 20 eV. This changes the data of Blons et al. 30]by 2.1%,

the data of Migneco et al. [31] by 2.6% and the high resolution data

sets of James [32] by 1.6% and Moore et al. [33] by 4.2%. For the

twelve energy intervals considered between 3 eV and 52 eV the average

discrepancy between previous measurements and the results of

Wagemans and Deruytter is 2.7% for Blons et al. 4.4% for Migneco

et al. and 5.2% and 7.7% respectively for the high resolution sets

of James and Moore et al.

2.12 CBNM (H. Weigmann)

Work on 235, 236, 2 3 7Np, 240p and 24 2Pu is reported from Geel.

Weigmann et al. [34 failed to find evidence for the fission fragment

energy variations in low energy neutron resonances reported by

Felvinci et al. [35]. As an example out of many, the 11.66 eV

resonance which is one of the most distinct cases of strong variation

in the data of Felvinci et al. shows no variation in the Geel results.

In these experiments, different bands across the fragment energy curve

are used to determine the fission cross section.

Capture, scattering and total cross section measurements on

23u have been made by Mewissen et al. 1361 who deduce neutron

widths Ia for 97 levels in the range 30 eV to 1.8 keV and also deduce

capture widths ry for 57 of these levels. These results give a level

spacing D = 16.1 + 0.5 eV, an S-wave strength function of (1.05 + 0.14).10-

and an average By = 23.0 + 0.3 (stat.) + 1.5(syst.) meV in good

agreement with a P = 23.9 + 1.0 meV derived by Carlson et al. £37]

from twelve levels.

A total cross section measurement on 23U by Carraro and Brusegan [38]

gives neutron widths for 185 resonances in the range 40 eV to 4.1 keV

with the following average parameters. D = (16.2 + 0.3) eV;

, = (1.61 + 0.16) meV and SO = (1.00 + 0.1) 10 . This paper shows

an exemplary use of statistical techniques, combining the methods of

Bollinger and Thomas [39J and the A and W statistics of Dyson and Mehta [40],

to decide which levels are most likely to be p-wave resonances.

240
Since the evaluation of Pu neutron cross sections by L'Heriteau

and Ribon [411there have been important changes in the experimental data,

notably in the parameters of the 20.45 eV resonance used in the

normalisation of certain data. Careful measurements by Moxon [42]have
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changed the neutron and capture widths for this resonance by 29%

and 58% respectively to 1n = (2.65 + 0.07)meV and Py=(32.2 + 3.4)meV.

Using these revised parameters, Weigmann and Theobald 1431 have

revised their data to give ry = (32 + 2)meV derived from fourteen
240

levels below 665 eV. In an evaluation of Pu parameters, Weigmann

et al. [44] have revised the neutron widths of nine resonances below

665.1 in the data of Kolar and Bickhoff [453 which provide the most
240

extensive set of neutron widths for Pu and recommend D(1 = 0) =
+01.4 -4 -O

(12.7 + 0.3) eV, S = (1.04 -0:12).10 and (30.8 + 1) meV.

There are still discrepancies of 8% between the capture widths from

Geel and RPI [46] which can only be resolved by additional measurements.
240

The evaluation of the fission widths for 2Pu has been overtaken by the

measurements of Auchampaugh and Weston [47].

Work at Geel [48] on the capture, elastic scattering and total
242

cross section of Pu has provided neutron widths for 71 resonances

below 1300 eV and capture widths for 25 of these resonances. These

give the results D = 17.02 eV, So = (0.89 + 0) 10 and
0 - 0.09

P = 21.9 + 0.4 (stat.) + 1.0 (syst.) meV. Combined with the fission

resonance integrals of Auchampaugh et al. 149J, the results enable 26

fission widths between 350 eV and 950 eV to be deduced and parameters

for two narrow intermediate structure resonances at 475 eV and 762 eV

to be determined.

Earlier work at Geel £501 had revealed fission components in
23 6 neutron resonances and shown by contrast with the 234U results 1511

that the outer fission barrier height changes drastically by 0.4 MeV in

going from 235 to 2 37U. From an analysis of available data on sub-

threshold fission and shape isomer decay data, they deduce that there

is a marked even-odd effect in the outer barrier thickness 't a with

values of 0.68 keV for doubly even, 0.50 keV for odd and 0.40 keV for

doubly odd compound nuclei.

Weigmann et al. [52] have measured capture cross sections for 2 37Np

and 238U in the vicinity of intermediate structure groups with two

different biases designed to distinguish class I capture gamma ray decays

from predominantly class II capture V-ray decays. The relative cross

sections are independent of bias in these two nuclei, thus the resonance

with the largest fission width is not predominantly class II and P'<< r
indicating that the inner barrier height EA is greater than the outer

barrier height EB. However, an analysis of the neutron widths of the
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levels with largest fission width indicates that they are very small

indicating that they are probably predominantly class II levels. This

disagreement between the two sources of evidence leaves the question of

the relative magnitude of P and' unresolved.

In order to provide estimates for radiative capture widths for

nuclei, such as fission products, which are not readily available,

Weigmann and Rohr [531 have fitted the experimental widths in the

mass range 404 A 247. The model used takes into account shell

corrections to the level spacing, a pairing correction term to the

effective binding energy and well established non-statistical effects

which are accounted for by the so called valency nucleon model.

There remain four free parameters. The root mean square value of the

deviation between the theoretical fit and the experimental data is 25%.

Numerically this is no improvement over previous fits but it does

include data for A = 50 to 60 and AN200 which were excluded previously.

A second series of scattering, capture and total cross section

measurements on 37Np have been carried out by Poortmans et al. t543
but the analysis is not complete. Values of neutron widths derived

from the transmission data agree well with the Saclay data of Paya

and from a shape analysis of 10 resonances between 8 eV and 18 eV,

<P'> = 41.0 meV in good agreement with the Saclay value of <0) = 40.2 meV

for the same resonances. The earlier determinations of spin for 14

levels below 50 eV [76] are in disagreement with the data of Keyworth

et al. [2] in eight cases because the sample used at Geel was too thin

to be physically stable during the measurement.

2.13 Savannah River (R.W. Benjamin)

Total cross section measurements have been carried out at ORELA

on a small sample system which is capable of operation with a 1.29 mm

diam. beam on an 18 m flight path. Measurements on 243Am [56] have

resulted in neutron widths for 219 levels below 250 eV, The average

parameters obtained are D = 0.68 + 0.6 eV, S = (0.96 + 0.10),10 and

y = 39 + 1 meV deduced from the shape analysis of 24 resonances below

18 eV.

Transmission measurements [57j on a curium sample containing

96.82% Cm and 3.11% 2Cm have provided neutron widths for 47 levels

below 3000 eV in Cm and for 5 levels below 158.5 in 2Cm. The data
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give average parameters for 248Cm of D = 40 + 5 eV and S = (1.2 + 0.2)10.

The contribution of these resonances to the thermal capture cross section

and to the capture resonance integral has been calculated and found to

agree well with the integral measurements of other workers.

Unpublished data are also available for 244Cm, 36 values of rn
and below 520 eV (D = 14.1 eV),, and for 249Bk, 47 values of resonance

energy. 249Bk has a half-life of only 311 days. The sample of 7 mg will

be used for measurements on 2 49Cf after several months decay.

2.14 Kurchatov Institute (V.I. Mostovoy)

A paper giving the results of total cross section measurements

on the transactinium isotopes 241243Am and 24 4 2452 46 248Cm h been

prepared for this meeting by S.M. Kalebin 157a]. Values of 25P for
241

36 resonances below 25.6 eV are given for Am and for 47 resonances
243

below 33.9 eV for 2Am. These agree within statistical accuracy with

the results of previous measurements which are listed for comparison.

The same remark applies to the Cm isotopes for which n values of 11
244

resonances below 171 eV for Cm, four resonances below 157 eV for
246 248

Cm and six resonances below 98.6 eV for 8Cm, are listed. In the

case of 245Cm, 17 values of 2gPR for resonances below 50.5 eV are listed.

Here, agreement with previous measurements is good up to 32.4 eV. Above

this energy a few resonances show 2gPn values which are discrepant by

more than one standard deviation not always in the same direction. For

the even Cm isotopes average values of the radiation widths and resonance

capture integrals are in excellent agreement with previous measurements.

For the Am isotopes the following average parameters are given; for

241Am D = (0.67 + 0.10) eV, S = (0.76 + 0.18).10-4 and for 243Am

= (0.71 + 0.06) eV and S = (0.89 + 0.21).10 4 .

3. SUB-THRESHOLD FISSION DATA

Early work on narrow intermediate structure in the sub-threshold

fission cross sections of 23Np, 240pu, 234U, 242u and 238Pu has been

expertly reviewed by Michaudon t583 . Since then, fission components have

been discovered for low energy resonances in 236, 238U and possibly also

for 242Th, definitive spin determinations have been carried out for resonances

in the structure near 40 eV in 2 3 7Np and improved measurements have been

made resulting in fission widths for resonances in 234U, 4Pu and 242Pu.

Fission data in the region of fine structure resonances obtained since the

review of Michaudon are discussed in the following sub-sections.
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3.1 234U

High resolution fission and total cross section measurements on

234 U have been carried out at ORNL by James et al. 1591 . These cover

the neutron energy from a few eV to several MeV. Neutron and fission

widths for 118 resonances below 1500 eV have been determined and give
4

= 10.6 + 0.5 eV and S = (0.86 + 0.11).10 . The fission widths are

illustrated in fig. 1 which also shows the Lorentzian energy dependence

of the mean fission width. The average width peaks at 550 eV and

possibly also at 1092 eV. A wealth of structure, shown in fig. 2, is

seen in the fission cross section up to and beyond the fission threshold.

As a result, the class II level spacing below 20 keV is found to be

DII = 2.1 + 0.3 keV, a considerable reduction on the previous value [59a]

of 7 keV.

3.2 236U

Theobald et al. [601 have discovered fission components in 236

neutron resonances in a measurement of fission cross section which

extends from 0.3 eV to 1000 eV. Fission widths have been deduced for

16 resonances below 415 eV and have an average value <f) = 0.354 meV.

There is no narrow intermediate structure level within this energy range,

but, by comparison with the results on 234U it is shown that in going

from the compound state 235 to 23 7U there is a change of at least 0.4 MeV

in the relative inner and outer barrier heights (or, of course, a

corresponding change in barrier thickness).

3 3 238U

By the use of the lead slowing down spectrometer [251 and an

ionization chamber to detect fission fragments from 238 , Block et al. V261

have discovered narrow intermediate structure resonances at 0.720 keV,

1.210 keV, 2.5 keV, 7.5 keV, 11.3 keV and 15.3 keV in 238U. Fission

cross section data for the first two structures are shown in fig. 3

together with values of . These resonances have since been

measured with high resolution by Waretena et al. t611 who used a liquid

scintillator to detect fission neuMtonS from a 250g sample of 238U.

The measurements were performed at Geel on a 30m flight path at a

nominal resolution of 1.3 ns/m. Fission widths are given for 7 resonances

between 660 eV and 1272 eV. The resonances with largest fission width are

at 721 eV ( r. = 850 + 130 1eV) and at 1210.7 eV ( f = 250 + 50 MeV).

82



Blons and Mazur t123 using a gas scintillation fission fragment

detector have also observed these resonances with good resolution

and point out that, because only one resonance in a group has any

appreciable fission width, the spreading width must be less than

or at most equal to the class I level spacing (8.4 eV) and that the

levels observed appear by a fortuitous close proximity of class I

and class II level energies. This implies, of course, that DII could

be much less than the value observed.

3.4 2 37Np

Perhaps the greatest advance in resonance parameter determination

in recent years has been made by Keyworth et al. [2] who made direct

measurements of resonance spin for 237Np and 2 3 5U by using a polarized

neutron beam and a polarized target. Experiments were carried out on

a 13.4m flight path at ORELA and used to determine spins for 15 intermediate

structure groups in the fission cross-section of 2 3 7Np below 1 keV and of

94 resonances observed in transmission below 102 eV. The neutron beam is

polarized to about 55% polarization, by transmission through a

dynamically polarized sample of protons in single crystals of lanthanum

magnesium nitrate cooled to 1.150 K. The 237Np is polarized, to about 20%

polarization, in the ferromagnetic compound NpAl cooled to 650mK by a

3He - 4e refrigerator. The fission data for 23 Np in the region of 40 eV

are shown in fig.4. The enhancement of the compound nuclear levels is

distributed over nine individual resonances and the difference, 6par - Oanti,

between the cross sections obtained with different relative directions of

polarization show that all these levels have spin J = 3. Fig. 5 shows a

sample of the transmission data in which Tpar - Tanti clearly separates

resonances with J = 2 from those with J = 3. Combined with fission
257

fragment angular distribution measurements from a polarized 2Np target

by Kuiken et al. (62], the spin assignment J = 3 for the 40 eV structure

implies an admixture of spin projection K = 2 and K = 3 components.

Spin assignments for 53 levels in 235 in the energy range 1.13 eV to

56.6 eV show that only the capture method of Corvi et al. 1i01] gives

100% agreement with the Keyworth assignments and even then only for 14

resonances. The other six methods of indirect spin determination are

shown to be unreliable.
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3.5 240PU

Auchampaugh and Weston 1471 have measured the fission cross
240

section of 4Pu from 500 eV to 10 keV on ORELA by detecting fission

neutrons from a 10.23g sample of PuO2 . The detector was on a 20 m

flight path and the neutron pulse width was 8 ns. A total of 82 fission

widths were obtained by area and shape analysis of those resonances which

define class II states at 782 eV, 1406 eV, 1936 eV and 2700 eV.

Approximately 22 clusters of class I resonances are seen below 10 keV

which gives DI = 450 + 50 eV. Values obtained for the average coupling

matrix element, <H2 ) between class I and class II states and of the

class II fission width I'g are given for the class II resonances at

782 eV, 1406 eV and 1936 eV in Table 1. These parameters lead to

barrier heights of VA = 5.89 + 0.09 MeV and VB = 5.54 + 0.03 MeV.

Values of the class I fission widths are shown in fig. 6.

3.6 24 2P

Poortmans et al. [483 have measured capture, elastic scattering

and total cross sections of 242Pu below 1300 eV and have used their

resonance parameters to deduce fission widths for 25 levels of the

72 that are observed below 1286 eV, from the fission data of

Auchampaugh et al. [63] . The fission widths associated with

intermediate structure levels at 475 eV and 762 eV are illustrated

in fig. 7. The parameters of the Lorentzian energy dependence of

the average fission width shown in fig. 7 gives the outer barrier

height as VB = 5.18 MeV.

4. GROSS STRUCTURE NEAR FISSION THRESHOLD

It has long been known that accurate (n,f) data reveal, in most

cases, some structure in the region of fission threshold. It was shown

by Lynn [64j that structure in the fission cross section of 2 30Th could

not be explained by the competition theory of Wheeler [65 1 . This

conclusion was strikingly reinforced [66] when the 23 0Th fission cross

section was measured with a resolution of 5 keV and showed the pronounced

resonance at 715 keV, only 36 keV wide, illustrated in fig. 8. This cross

section, together with fission fragment angular distribution measurements

[66, 67] , is explained in terms of a sharp maximum in the penetrability

of the 231Th double-humped fission barrier. Since the peak is very narrowof the Th double-humped fission barrier. Since the peak is very narrow
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and also since no other peaks are found at lower energy, it is likely

that the maximum penetrability corresponds to the first vibrational level

in a shallow second well. It is found that the spin projection K = J and

the parity of the state is probably negative. The data can be reasonably

interpreted on the assumption that this vibrational level is the head of a

rotational band with effective moment of inertia 2- to 3 times the value

for the ground state deformation of 2 3 1Th.

It seems reasonable to extend our concept of the resonance region

to include discussion of fission cross section resonances near threshold

which are explained in terms of vibrational states in the second fission

potential minimum. Different potential barrier conditions can give rise to

a variety of fission cross section structure which are being observed in

detailed measurements on 232Th, 2 31Pa and234U.

4.1 228Th

The fission cross section of 228Th over the energy range 0.16 MeV

to 1.7 MeV has been measured by Vorotnikov et al. £681with an energy

resolution of 50 keV although data seem to have been taken at 100 keV

intervals. The results are reminiscent of those obtained with similar

resolution by Gokhberg et al. [69] on 30Th. Peaks are observed at 0.50 MeV,

1.07 MeV and 1.63 MeV. Between 0.5 MeV and 0.6 MeV the cross section

decreases by about 50% as shown in fig. 9. These results clearly call

for measurements with improved resolution. This will be a difficult

experiment because the plateau cross section at 2 MeV is only 0.18b

and the peak cross section observed at 500 keV is only 3mb.

4.2 232Th

Detailed structure in the fission cross section of 23 2Th, as shown

in fig. 10, has been observed near fission threshold by Blons et al. t131.

In measurements on the Saclay Linac with 3 keV resolution, four well

separated peaks are observed in the gross structure at 1.6 MeV and three

others in the structure at 1.7 MeV. Also, the fission fragment angular

anisotropy has been measured using a detector with a grid. Fig. 11 shows

the anisotropyas a function of neutron energy together with the expected

values for sets of (K,J). The sharp peaks are interpreted as rotational

band structures and enable the values A =a/fla= 2.5 and 2.8 for bands

with K = /2 and A = 3.9 and 4.5 for K = /2. The decoupling parameter,a,
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being 0.2 and 0.1 respectively. The data are consistent with the

following barrier parameters VA = 7.2 MeV, 'tA= 0.8 MeV, V1 1 = 4.55 MeV,

XWI = 0.5 MeV, VB = 6.9 MeV and eB = 0.56 MeV.

4.3 2 3 1 a

Sicre et al. [703 have measured the 231 fission cross section

from 100 kev to 1.3 MeV on a Van de Graaff generator with a neutron

energy resolution of between 10 keV and 15 keV. They have also

measured fission fragment angular distributions at 34 energies between

180 keV and 854 keV. Their results are shown in fig. 12. Two gross

structure resonances, observed also by earlier workers, are seen at

200 keV and 330 keV and it is found that these and their associated

angular distributions cannot be explained as pure vibrational resonances.

4.4 234U

The gross structure at 310 keV, first observed in the 234U

fission cross section in the data of Lamphere [713 , has been resolved

into a sequence of peaks about 10 keV apart by measurements on the

Harwell synchrocyclotron [72] and later with improved statistical

accuracy by measurements at ORELA [59] using fission fragment detection

from a 180 mg sample of 234U on a 20m flight path. As seen in fig. 13

the ORELA data, which have an energy resolution of about 1 keV at

300 keV, show a wealth of structure superimposed on plateaux near

310 keV, 550 keV and 770 keV. The gross structure at 310 keV which is

estimated to contribute an average cross section of 0.0725b is

attributed to a vibrational level in the second minimum. Assuming

a two stage process whereby the vibrational level is damped into class II

levels which in turn are coupled to class I levels, the average cross

section of 0.0725b is accounted for by an outer barrier height VB = 674 keV

for assumed values of AtA = 1000 keV, IktB = 560 keV and a value

VA= 101 keV deduced from <(ri)> = 115 eV at low energy. The rapid

decrease of 'r(i) due to the Lorentzian energy dependence introduced by

the vibrational level results in a value r(i)= 0.0075 eV at 1 keV in

contrast with the average value 0.152 eV measured for seven class II

levels below 13 keV. However, by direct coupling to the threshold

through the Hill-Wheeler formula, h) = 0.152 eV at below 13 keV

results in VB = 684 keV in close agreement with the value deduced via

the average gross structure at 310 keV. Fluctuations on the gross
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structure, illustrated in fig. 14, have an average spacing of

10 keV. It is found by Monte Carlo simulation that the average

properties of the fluctuations are consistent with the two stage

process and with the observation of class II structures of spacing

less than 1 keV, corresponding to 2.3 keV at low energy, with the

resolution of the experiment (1 keV at 310 keV). Other interpretations,

allowing VA VB or the gross structure to be a p-wave vibrational

level, are possible, and high neutron energy resolution fission

fragment angular distribution measurements will be required to decide

between these possibilities.

5. EXPERIMENTAL TECHNIQUES

A number of improvements in experimental techniques have lead to

an enhancement in our knowledge of neutron resonance parameters. These

will be briefly mentioned here although some have already been discussed

in previous sections. Keyworth's measurement £2] of resonance spins for
235 and 2 37Np using a polarized neutron beam and polarized targets is a

notable achievement which not only shows that all the resonances with

enhanced fission widths in the narrow intermediate structure group at

40 eV have the same spin but also indicates that other techniques

adopted to determine resonance spin often give wrong answers. The

discovery of low energy resonances in the fission cross section of 23%

was made by Block et al. [26J using the RPI linac as a neutron source for

a lead slowing down spectrometer. The electron target used was gas (helium)

cooled with a design cooling capacity of 500 watts and a source intensity

of 1012 n/sec. A liquid cooledtarget would enable the source strength to

be increased by an order of magnitude.

In the measurement of fission cross sections, a design of large gas

scintillation chamber which can be cooled to liquid nitrogen temperature [733

has been used to great advantage by the Saclay group. The reduction in

Doppler broadening thereby attained enabled fission widths for 239Pu to

be determined up to an energy of 658 eV t743 . Fission fragment detectors

face the problem of alpha pile up which are countered by short pulse widths

and chamber design. To reduce the maximum possible alpha path length, Dabbs

et al. [19] have produced a spherical design of ionization chamber which has

enabled fission cross section measurements on ORELA to be carried out on an

isotope of only 30y alpha half-life. Spark chambers, as used to measure the

fission cross section of 241Am by Bowman et al. [75j, have the great advantage
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of spatial resolution in countering alpha pile up. However, they suffer

from a background due to spontaneous sparking which tends to get worse

under alpha bombardment of the wires. This could possibly be reduced by

the correct choice of wire material. Fission neutron detectors, with

pulse shape discrimination to remove pulses due to gamma-rays overcome

the o-pile up problem but, (oC,n) reactions in light elements can cause

a neutron background. Thus, oxides and light element encapsulation of

the fissile material should be avoided 73 .

6. STATISTICAL ANALYSIS

The statistical analyses carried out on resonance parameter data

can be divided into those carried out in the absence of energy dependent

structure to correct average values for missing levels or to remove

contamination by levels from another sequence and those designed to

detect the presence of energy dependent structure.

6.1 Statistical tests in the absence of structure

In any experimental observation of resonances, there is a limit,

set by the statistical quality of the data and instrumental resolution,

below which levels cannot be detected. In quoting average resonance

parameters a correction should be made for missing levels. A method

of carrying out the correction based on the Porter-Thomas [51 distribution

of neutron widths has been developed by Fuketa and Harvey [77] and, for a

Wigner [43 distribution of level spacings, by Musgrove [793 . Bollinger

and Thomas [80] showed how Bayes theoram [81] can be used correctly to

convert the a priori probability, based on the spin dependence of level

spacing, that a given resonance is a p-wave level, into an a posteriori

probability, by taking the measured neutron width into account.

Clear evidence for Dyson's theory [82] of level spacing has been

obtained at Columbia [83] in the resonance energy spacing of a pure

sequence of 109 levels in 166Er. In developing the theory of level

spacing based on the properties of the eigervalues of a random matrix

of high order, the Gaussian orthogonal ensemble, a number of sensitive

statistical tests have been developed to examine the agreement between

data sets and theoretical expectations. These include the A (or A 3)

and W statistic of Dyson and Mehta [84] , the F statistic of Dyson t85]
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and the A statistic of Monahan and Rosenzweig [86] . For data

on 232Th and 23%, Liou et al. [85] have carried out a selection

of s-wave levels so as to fit simultaneously the Wigner nearest-

neighbour spacing distribution, the spacing correlation coefficient

P(Sj,Sj+1) = -0.27, the Dyson-Mehta A statistic and Dyson's

F statistic. Good simultaneous fits to all these statistics were

found for both isotopes. The F statistic was developed to detect

the presence of spurious or missing levels in an otherwise perfect

sequence of levels. The A3 statistic also gives an indication of

spurious or missing levels and it has been used, together with the

statistic W, in an analysis of 103 observed resonances in 236 below

1660 eV by Carraro and Brusegan [38] . The 103 values of a obtained

by leaving out one level at a time are shown in fig. 15. Dips in the

value of AL give an indication of spurious levels. When these are

compared with a list of resonances which have a probability exceeding

1% of being p-wave levels as deduced using Bayes theorem, it

becomes possible to pick out five levels which have a high probability

of being p-wave resonances.

6.2 Statistical tests for structure

The occurrences of intermediate structure is associated with non-

random effects over limited energy ranges in the distribution of

resonance parameters and in the energy dependence of cross sections.

However, resonance parameters and cross sections undergo fluctuations

from energy to energy which obscure the energy dependent structure and

which must be removed or accounted for in any effective method of

testing for intermediate structure. This can be done by the use of

distribution-free tests and the first demonstration t871 was carried

out using the Tuns statistic of Wald and Wolfowitz [883 to show that

the neutron widths of 32Th have no energy dependence (as expected),

that the 234 U fission widths have a strong energy dependence and that

a sequence of correlation coefficients derived from the fission cross

section of 239pu can be rendered featureless by the introduction of an

energy dependent mean. Moore [89] applied the test to show that the

244Cm fission widths measured by Moore and Keyworth 1903 over the energy

range 50 eV to 1000 eV have a significant energy dependence. Moore [89]

also suggested a test based on the length of the longest run above the

median. The feasibility of this test was demonstrated [91] on the basis

of previous work by Olmstead [92]. Baudinet-Robinet and Mahaux [93]
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suggested the use of the runs up and down test devised by Levine and

Wolfowitz [943 and followed this suggestion by a critical survey of

eight possible tests [913 . These tests are listed here with comments

on the use of three of them derived from work on simulated cross

sections [95] -

1. Comparison between two samples

The Wald and Wolfowitz runs test [881 was originally

designed to test whether two samples are drawn from the same

population. It can be applied by arranging two sets of widths

taken from two energy ranges in order and testing the run sequence

produced.

2. Number of runs about a reference line

It has been shown [87] how the runs test [88] can be used

to test for energy dependent structure in a sequence of resonance

parameters or correlation coefficients derived from energy averaged

cross sections. The test can also be applied directly to cross

section data. This has been done by James et al. [951 and also by

Migneco et al. [96] and gives strong evidence for structure in the

fission cross section of 35U between 10 keV and 40 keV. Applied

to average values of JL over 100 eV intervals derived from the

249Cf fission cross section data of Dabbs et al. [97] , it shows

that < f >JE has no energy dependence over the range 100 eV to

7100 eV. The observed number of runs around the mean value is

34 compared with an expectation value 35.89 + 4.14 in the absence

of structure.

3. Longest run above the median

This test was proposed by Moore [891 and its feasibility

demonstrated in [91] . It has the advantage, in common with the

next test of being able to locate the intermediate structure.

4. Longest run above the line of optimal run length

The line of optimal run length is chosen so as to maximize

the shorter of the longest runs above and below the line.

5. Runs up and down

This test, proposed in [931 , is less sensitive than the two

Wald and Wolfowitz tests (2 and 7) but could be more useful when

the data set is small. However, as described later (7), it proved
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grossly insensitive to progressively increasing modulation

of fission widths in a simulated fission cross section.

6. Mean-square successive difference

Based on the ratio between the sum of squares of

differences between successive terms in a sequence and the

sum of squares of the differences between each term and the

mean, this test will indicate the existence of a variation

of the mean. The test, proposed in t91] , is appliable only

to the mean of a normal population.

7. Serial correlation

Wald and Wolfowitz [99]have shown that a test based on

the serial correlation coefficient with lag h is equivalent

(when h is prime to N) to a test based on the statistic

N-i

R = XS0 X+l + XNL X

The use of this test is suggested in [91] . It had also been

discovered independently by James et al. [95] in the course of

their work on 2 35U. These authors produced two sets of mock

23 5 fission cross section data, by Monte Carlo methods, one

with intense fission width modulation and one without. These

data were mixed in ten varying proportions and tested for

structure using R, the Wald and Wolfowitz runs statistic U and

the Levine and Wolfowitz runs up and down statistic R(n) for

runs of length n. The results obtained are shown in fig. 16.

Values of R and U increase monotonically with increasing fraction

of modulated data finally reaching deviations of about 14 and 11

standard deviations respectively for the maximum modulation. For

the measured 23% fission cross section of Perez et al. [1023

averaged over 100 eV intervals between 10 keV and 40 keV, the

values of R and U are at 8.94 and 6.48 standard deviation away

from the expectation values for no structure. These values both

indicate, from fig. 16, structure which is comparable with the

simulated data containing about 50% of the maximum modulation of

fission widths.

The lower curves in fig. 16 refer to the runs up and down

test of run length one, R(1), and for the run length of maximum

significance, Rax (n). Neither of these statistics proves useful

in detecting the structure under investigation. R) remains
in detecting the structure under investigation. R(l) remains
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almost constant at about 1.7 standard deviation and is almost

independent of the fraction of modulated data. As a function

of the fraction of modulated data Rax (n) starts at 1.6 standard

deviations and increases to 3.2 only to decrease again as the

fraction of modulated data increases to 100%.

8. Large adjacent values

The probability distribution of runs of length larger than

or equal to a given value for random events arising from a binomial

population of known probabilities p and q has been calculated by

Mood £100] . As suggested in [913 this test can be applied to

resonance data that have a known distribution.

7. CONCLUSION

Since the discovery of neutron cross section resonances a few years

after the discovery of the neutron, there has been a continual improvement

in our knowledge of neutron resonance phenomena. The late thirties saw an

expression for resonance line shape, the beginnings of multilevel theory

and the first neutron time-of-flight experiments. The late fifties brought

a surmise for level spacing distributions and a representation of level

width distributions. The late sixties witnessed the discovery of sub-threshold

fission phenomena which opened the way for the study of nuclei in highly

deformed shape isomeric states. As shown by the work considered in this

review, improvement in our knowledge of neutron resonance phenomena remains

unabated in the early seventies. We have seen more nuclei added to the list of

those that exhibit low energy sub-threshold fission, the development of a

superior method of resonance spin determination by polarization experiments

requiring the unmitigated application of technical excellence, evidence for

the Wigner-Dyson theory of level spacing, the development of a new design

of fission chamber which will prove useful in measurements on the higher

actinides, the careful remeasurement of certain widths and average values

used in the normalisation of data, improvement in our knowledge of sub-threshold

fission parameters and more recently high resolution measurements which

reveal a welter of detailed structure in fission cross sections near the

threshold, the development and application of several statistical tests,

derived mainly from the work of Dyson and Mehta, which have been used in

the selection of a quantally pure sequence of levelsjand the introduction

of distribution-free statistical tests which enable us to search for energy
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dependent structure in the presence of random fluctuations.

In continuing this work into the late seventies, the pathways

that appear particularly inviting are further development of fission

chambers to counter the increased alpha rates encountered in work on

higher actinides, including more work on spark chamber design, high

resolution measurements of fission cross sections near threshold

together with high quality angular distribution measurements and

possibly a definitive assessment of the sensitivity of the various

statistical tests for structure to the kind of structure we are likely

to encounter.
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240P + n class II resonance parameters

(after Auchampaugh and Weston [47])

E < H2g rII)
(eV) (e (eV)

782 2.24 + 0.23 1.6 + 0.4

1406 4.67 + 2.33 3.5 + 0.4

1936 5.37 + 3.27 2.3 + 0.6
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FIGURE CAPTIONS

Fig.

1 Energy dependence of class I fission widths for resonances in

the fission cross section of 234U below 1500 eV. The solid line

represents the energy dependence of the mean fission width as a

sum of two Lorentzian curves. A dot at 50 (40) indicates that a

fission width is above (below) a median value which lies at 0.47

of the mean value for a Porter-Thomas distribution. After James

et al. [59]

2 The 234U fission cross section between 1 keV and 20 keV showing

class II structures with D = 2.1 + 0.3 keV. After James et al. t59]

3 Sub-threshold fission cross section for 238 measured on a lead

slowing down spectrometer by Block et al. 1263

4 Fission data for 237Np in the region of the group at 40 eV. The

upper curve representing the difference between the cross sections

measured with the beam and target polarization parallel and anti-

parallel is consistently greater than zero over each of the nine

individual resonances, indicating J = 3 in each case. After Keyworth

et al. [2]

237
5 A sample of the transmission data for 2Np obtained by Keyworth

et al. [27. The upper curve dips below zero for resonances with

J = 3 and protrudes above zero for those with J = 2.

6 Fission widths versus neutron energy for 240Pu after Auchampaugh

and Weston [47]

7 Fission widths versus neutron energy for 242Pu measured by

Poortmans et al. [48] . The two curves represent Lorentzian

distributions of the mean fission width.

8 The 2 30Th fission cross section from 0.6 MeV to 1.4 MeV measured by

James et al. [66]

9 The 228Th fission cross section from 0.2 MeV to 2 MeV measured

by Vorotnikov et al. 1683
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10 The fission cross section of 232Th from 1.2 MeY to 2.4 MeV showing

structure in the resonances at 1.6 MeV and 1.7 MeV. The solid

line is the calculated sum of transmission coefficients for a

series of double humped barriers. After Blons et al. t13]

11 A fission fragment anisotropy function a(K,J) for 2 32Th derived

from measurements using a detector with a grid. Calculated values

of a(K,J) for a series of values of K and J are also shown. After

Blons et al. [13]

12 The 23Pa fission cross section from 0.2 MeV to 1.4 MeV and the

variation of W(00)/W(900 ) compared with the results of Vorotnikov

et al. After Sicre et al. [70]

13 The 234U fission cross section between 20 keV and 1.6 MeV.

After James et al. [591

14 The fission cross section of 24U between 270 keV and 370 keV is

shown by the full circles. Of the two solid lines through the

data, one shows a running sum over twenty timing channels and the

other is a guide line indicating fluctuations. The presumed

contribution of the vibrational level is shown by the dashed line

and again by the diagram below the data. After James et al. [591

15 Observed Ai values for 102 levels in 2 35U versus energy of the

excluded resonances. After Cararro and Brusegan [383

16 Results of three statistical tests on simulated fission cross

section data obtained by mixing a data set with a constant average

fission width with a data set in which the fission widths are

strongly modulated by class II levels. Both tests due to Wald and

Wolfowitz [88] and [99] show a monotonic increase with increasing

modulation of I up to 14.2 and 10.2 standard deviations respectively.

Both these tests indicate that the measured 35U fission cross

section is similar to the simulated data at 50% of the maximum fission

width modulation. The runs up and down test of Levine and

Wolfowitz [941 gives an unreliable indication of the degree of

modulation in this instance. R(1) is completely independent of

the fraction of modulated data.
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