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I - INTRODUCTION

In this paper, we report on the fast neutron capture activities under

way at Bruyères-le-Ohâtel. We first present the experimental procedure and the

data analysis technique developed to investigate the neutron capture reaction

in the energy range from 0.5 to 6.0 NeV. Total capture cross sections are deter-

mined by means of the integrated spectrum technique using the capture spectrum

shape. This method provides also the possibility of deducing the y-ray strength
89

function for compound nuclei formed in the (n,Y) reaction. The Y(n,y + y.)

and 208pb(njy ^ cross sections have been measured between 0.5 and 6.0 MeV to

investigate the relative contribution of the compound-nucleus and direct-semi-

direct (DSD) processes in this energy range. Asymmetry factor has been measured
209

for the y -transition to the ground-state in Pb and compared to the predic-

tions of the DSD model when the excitation of the Ml resonance is taken into

account. Finally, we mention recent experiments performed at Los Alamos where

the effect of the isovector quadrupole resonance on the asymmetry factor was

studied for the 20f?Pb(n,Y ) reaction in the energy range Efl = 16 to 20 MeV.

II - EXPERIMENTAL AND DATA PROCESSING TECHNIQUES

The experimental set-up used for our fast neutron capture activities*)

is shown schematically in fig.l. Depending on the desired neutron energy, the
7Li(p,n)7Be (En < 0.7 MeV),

 3H(p,n)3He and 2H(d,n)3He (En>3.5 MeV)reactions

are used as sources of monoenergetic neutrons of variable energy. A pulsed and

bunched proton (deuteron) beam is delivered by the 4 MV Van de Graaff generator

at Bruyères-le-Châtel. The pulse width is about 1 ns and the average particle

beam intensity between 4 and 10 yA. The time-of-flight technique is used to

reduce the background due to scattered neutrons and to separate capture y-rays

of interest from those due to other sources, thus improving the signal-to-

background latio. The targets consist of metallic lithium or tritium adsorbed

in titanium on tantalum backings. The deuterium gas is contained in a cylindri-

cal cell 1.5 cm long at pressures between 1.0 and 2.0 atm.

Generally, samples are disks 60 mm in diameter and thicknesses between

1 and 6 mm. The thickness is a compromise between counting rate,on one hand,

and neutron multiple scattering, gamma-ray and neutron attenuation effects,on

the other hand. We have also used samples with a cylinder shape. Samples are

located at 8 cm from the target centre.
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Gamma-rays are detected by a 76 mm diameter by 152 mm long Nal

crystal surrounded by a Nal annulus. This spectrometer is used in the anti-

Compton and first-escape modes simultaneously. The Y~ray detector efficiency,

as a function of y-ray energy between 1.0 and 12.5 MeV4is determined by cali-

brated radioactive sources and by nuclear reactions. The same sources and reac-

tions were used to build the response matrices of the spectrometer.

The spectrometer is placed in the centre of a large shield construc-

ted of special neutron and y-ray absorbing materials. The distance between the

detector and the sample is typically 80 cm and with such a small detection

solid angle, the energy distribution of the y-rays can be obtained. The 50 mm

diameter collimator aperture contains a 200 mm long LiH cylinder for attenua-

tion of the neutrons scattered by the sample. A tungsten and lead shadow bar is

added to shield the gamma-ray detector from direct target radiation. The effec-

tiveness of our shielding system is reflected by a very low and flat time-of-

flight spectrum when running without sample.

2
The neutron flux is measured by a calibrated long counter ) located

o

at 0 compared to the beam direction and at about 2 m from the neutron source.

The net pulse-height spectra are converted to gamma-ray distributions

using a least-squares unfolding method and the response functions of the spec-

trometer. Finally, the unfolded spectra are corrected for y-ray efficiency of

the spectrometer and for y-ray attenuation in the sample in order to give the

capture y-ray spectrum emitted by the sample. This is done for the two detec-

tion modes and we use the weighted average of the two energy distributions.

The accurate knowledge of the y-ray spectrum is of vital importance for our

method of deducing capture cross sections (and to determine y-ray strength

functions as we shall see later) so special efforts have been devoted to get

the spectrum shape with a good accuracy.

The neutron flux,as determined by the long counter,is corrected for

the anlsotropy of the neutron source , for the transmission of neutions

through the sample and through the air between the sample and the monitor. The

y-ray yield recorded by the detector is also corrected for the neutron flux va-

riation in the sample which is a combined effect of neutron attenuation and

multiple scattering. Except for multiple scattering, these corrections have

been estimated using analytical expressions ) and a modified >tonte-Carlo^)code.The
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results were found to be in very good agreement as quoted in fable 1 for the

Pb(n,Y ) reaction. The neutron multiple scattering effect was estimated

using the Monte-carlo technique.

Ill - CAPTURE CROSS SECTIONS

Capture and inelastic gamma-rays following the interaction of neu-

trons with the sample are detected by the Nal crystal. Unfortunately, for the

neutron energies we are interested in (0.5 < E < 3.0 MeV), the contribution

of the y-rays from the (n,n!Y) reaction is very important in the low-energy

part (E < E ) of the measured distribution. It is not then possible to use

this low-energy region and we have to estimate the capture contribution in this

region, for low-energy neutrons (E < 1.0 MeV), the energy region where the
n —

spectrum contains only capture events is also limited by the lower discriminator

level ( 'V 1.0 MeV). The method we developed combines the technique used to stu-

dy gamma-ray strength functions and the spectrum method of measuring partial

neutron cross sections ).

In fact, two methods were considered to determine capture cross sec-

tions from the capture spectra.

In the first method (method I), the unknown part of the capture spec-

trum is deduced by means of the statistical model. The shape of the capture

spectrum is determined by the energy dependence of the Y~ray strength function

f(E ) and by the level-density distribution p(U). This level-density distri-

bution has to be determined from other sources and the f(E ) function is ob-

tained by the best fit between the observed and computed Y~ray distributions

in the energy region containing only capture events (E > E ). The strength

function is extrapolated down to E = 0 to obtain the entire capture spectrum.

The extrapolation of the capture spectrum is thus replaced by the extrapolation

of the f(Ev) function. The level-density distribution is not critical for this

cross section purpose because a different distribution would give an other

energy dependence for f(E ) in the region of the fit (the measured capture spec-

trum shape remaining the same) and a different extrapolation to zero. This

effect introduces a small additional uncertainty on the cross sections. The

number of capture reactions R is then given by the ratio between the observed

Y-ray spectrum S(E ) and the computed spectrum per capture v(E ) :

j Y Y [ Y Y (1)
Emin E
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with U = E + B where B is the neutron separation energy and E . * E .max n n n r aj m m n

Combined with the neutron fluence and the number N of nuclei in the sample,

the capture cross section is given by :

R
a
n Y \dQ /90°

We have assumed isotropy for the emitted radiations and the obtained capture

cross section is really an angle-Integrated cross section. Simple calculations
197

of the angular distribution of primary capture Y~rays in the Au(n,y) reac-

tion indicated very small anisotropy. This is expected from statistical consi-

derations for neutron energies lower than 4 MeV, or so. When comparison is

possible, we found a good agreement between our results and previous data in

the 0.5 to 3.0 MeV energy range ' ). As an example fig.2 represents the neutron

capture cross section for gold which has become a standard.
i

In the second method (method II), the number of captures R is given

by the principle of energy conservation :

m a x ' i i i
S ( E ) dE (3)

The observed spectrum S(H ) has to be extrapolated from E £ E down to zero

energy. For this extrapolation, two approaches are considered. In the first

one, the spectrum shape is assumed to have the following energy dependence :

Y dEy * exp(- a Ey) dEy (4)

where a is a constant. Sometimes the y~ray spectrum deviates considerably

from this behaviour (bumps In gold spectra) and this extrapolation is very

uncertain. In the second approach, we assume a constant value of the spectrum

distribution S(E ) = S(E . ) for E < E . . It was observed that the results
Y min y - min

obtained using method I were between the two values deduced with method II.

Recently, we have investigated the feasibility of the weighting tech-

nique to determine capture cross sections when applied to Nal pulse-height

spectra ). In principle, the pulse-height weighting technique could be applied

to any kind of gamma-ray detector to measure neutron capture cross sections.
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We can generate an average response function proportional to the energy and

when applied to the measured pulse-height spectrum, the area of the weighted

spectrum is proportional to the detected Y-ray energy. Dividing this total

energy by the total excitation energy in the compound nucleus gives the total

number of capture reactions.

From the response functions and the efficiency of our spectrometer,

we have deduced the weighting function presented in fig.3. The average total

energy emitted by the sample is given by :

=J m a X E y S(Ey) dEy (5)

o

By definition of the weighting function W(I) this energy is equal to the total

energy contained in the weighted spectrum. Before getting the number of capture

reactions by the pulse-height weighting technique, we have to calculate the

energy loss in the sample» and add it to the measured total energy.

Using this technique we have determined the capture cross section of
1 ft 1

Ta at 0.5 and 3.0 MeV. The pulse-height distribution is extrapolated down to

zero using three different extrapolations : constant, linear and exponential.

The weighted pulse-height spectrum for 3.0 MeV neutrons is presented in fig.4

along with the weighted extrapolations. For this extrapolation purpose, the

extrapolation of the pulse-height spectrum is preferred to the extrapolation of

the weighted spectrum for it is easier to use the smooth energy dependence of

the pulse-height spectrum for E > E . The cross sections deduced from the

pulse-height technique are given in table 2 depending on the extrapolations. At

0.5 MeV, the different extrapolations have a little effect on the deduced cross

sections. However, at 3.0MeV this difference is very large because the extra-

polated part of the total capture pulse-height spectrum is very important and

consequently the deduced cross section is very uncertain.

For the purpose of comparison, these cross sections have also been

determined using the spectrum integrated technique; the results are also repor-

ted in table 2. At 0.5 MeV, the cross sections obtained using the two techniques

are in good agreement. The overall agreement is not as good at 3.0 MeV, the

critical problem being the extrapolation influence on the deduced cross section.

In conclusion, the pulse-height weighting technique is found to give

very similar results to those obtained T/ith methods I and II as described pre-

viously eventhough the extrapolations do not concern the same spectra. This
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agreement is quite good as far as the extrapolation energy range is not too

important ; E ^ 1.5 MeV could be the highest energy for using this technique.

For neutron energies above 1.0 MeV, method I seems to be the best one because

the capture spectrum can be calculated in the low-energy region. However,

because of the low capture cross sections in this region, statistics is beco-

ming poor and it is difficult to get cross sections with accuracy better than

20 %.

IV - GAMMA-RAY STRENGTH FUNCTIONS

The Y~ray strength function is defined as the distribution, as a

function of Y~ray energy,of the average reduced radiative width for a particular

multipole type.

Gamma-ray strength functions are used in the calculation of cross

sections and Y~*ay spectra from capture of fast neutrons. In this respect, we

have pursued our systematics of Y-ray strength functions for nuclei in the mass

range from A = 90 to A = 210. We have also studied non-statistical effects

(bumps) in neutron Y-ray spectra especially in the regions where the s and p-

wave neutron strength functions are at a maximum.

In the present work, we have deduced Y-ray strength functions by

means of the spectrum fitting technique. In this technique, the strength func-

tion is obtained calculating the shape and the magnitude of the total Y-ray

spectrum with trial functions until good agreement is achieved with the obser-

ved spectrum. Details of the calculation of the total capture spectrum are

given in ref,8. Gamma-ray strength functions are determined between 1.5 MeV

and the maximum energy, which is an advantage of this technique. However, no

information can be obtained in the low-energy region (E < 1.5 MeV) because

of the major contribution from inelastic scattering. The spectrum fitting

method is not able to distinguish multipolarities of Y-rays, and the strength

function is a mixture of El and Ml strength functions. The main drawback of

this technique is the dependence of the deduced strength function on the level-

density distribution which has to be obtained from other sources. The level-

density distribution is of the form :

p(U,J) = Po(U) (2J + l)exp [- J(J+ l)/2cr
2] (6)
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where the spin cut-off factor a is assumed to be energy independent. For the

energy dependent part of this distribution, we use ;

Po(U) = A exp(U/T) (7)

The parameters A and T are determined from the cumulative number of low lying

excited states and the s-wave neutron spacing at the neutron binding energy.

To avoid missing levels, we consider only states populated by thirnal neutron

radiative capture, i.e., those being reached by dipole transitions from cap-
Q

turing state- ). However, the spin cut-off factor a is generally not known and

we assume that the moment of inertia of the nucleus has a value between 50 7,

and 100 X of the rigid-body value. The parameters A and T have been deduced

for these two extreme values. Uncertainty in the level density introduces the

largest uncertainty in the strength functions, the other contribution comes

from the statistical accuracy in the pulse-height spectra.

We have determined Y-ray strength functions for about twenty nuclei

in the mass range from A = 90 to A = 206. As examples, we present the results
i qo i09 1 no

for Au and Ta. The Au y-ray strength function is presented in fig.5

for the two parameters T = 0.71 MeV and T = 0 74 MeV. This strength function

is compared with photonuclear data as given by the photonuclear absorption cross

section a (E ) :
ya y

8.67 x 10 ° -^ (MeV"3) (8)

EY

The curve (GDR) obtained using the giant dipole resonance parameters is in

disagreement with the data below 12 MeV. A better fit is obtained using a

Lorentzian shape multiplied by a depression factor; the corresponding strength

function is in good agreement with our results. The f(E ) function can also be

obtained from primary Y-ray transitions averaged over many resonances.This has

been done for 4.9 < E < 6.4 MeV as shown in fig.5. The agreement between the

extrapolation of the photonuclear data, the average reduced widths of high-

energy primary transitions and our results is quite good. In fig.6, we compare
182

the y-ray strength function for Ta as deduced by the spectrum fitting tech-

nique with the parameters T = 0.55 and T = 0.57 MeV and the Y-ray strength

function obtained from the photoabsorption cross section. There is good agree-
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ment between the results.

From our systematics we conclude that the distribution of radiative

strength in nuclei is in good agreement with the extrapolation of the giant

dipole resonance for most elements far from closed shells. This energy depen-

dence is more realistic than the strength function independent of E for dipole

transitions as predicted by the single-particle model. We have observed signi-

ficant clustering of radiative strength around the unperturbed particle-hole

energy for several nuclei and are considering modern microscopic theories to

explain these effects.

V - CAPTURE MECHANISM BETWEEN 0.5 AND 6.0 MeV.

Capture cross sections for heavy nuclei are well reproduced by com-

pound-nucleus (CN) calculations for neutron energies below 4.0 MeV. On the

other hand, the direct semi-direct (DSD) model ) has been found to describe

fairly well the general features of the expérimental capture results in the

giant dipole resonance region. In the intermediate region between 4 and 7 MeV,

the CN and DSD contributions arfi of the same magnitude and are of interest for

the study of the interference between these two processes ). We report here

on the results obtained for the Y(n,Y + Yi) and Pb(n,y ) reactions.

89
The Y(n,y + Yi) cross section has been measured in collaboration

0 11

with Nilsson and coworkers in fJppsala ). Measurements have been performed at

Bruyères-le-Châtel at neutron energies between 0.5 and 3,0 MeV. The sample was

a cylinder 48 mm in diameter and 16 mm in thickness made of elemental yttrium.

Because of the 202 keV difference between the y and Yi transitions, these could

not be separated with a Nal crystal and were considered together in the theo-

retical calculations as well. The cross sections obtained for the capture to
90

the 2 d^/2 ground-state doublet in Y are presented in fig.7 and compared
12

with previous data ). The theoretical excitation functions are also presented

in fig.7. Below 4 MeV, the cross sections are in agreement with predictions of

the CN model. The DSD model provides a good description of the observed data

for neutron energies above 7 MeV.

The 20SPb(n,yo) cross section was measured from 0.8 to 5.9 MeV. The
208

lead sample, enriched at 98.7 % in Pb, was a cylinder 3.9 cm in height and

3.5 cm in diameter with its vertical axis at 8.3 cm from the target axis. The

angle-integrated capture cross sections for the Y~ray transition to the g 9/2
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209
ground-stata level of Pb are presented in fig.8 and compared with previous

data ) in the GDR region. Around 6.0 MeV the agreement between the two sets

of data is quite good. Compound-nucleus calculations for this reaction are in

progress. The data obtained at the-? energies would help in comparing the

results from the pure-resonance model (PRM) to the GDR region data ).

VI - INVESTIGATION OF GIANT RESONANCES THROUGH THE DSD M3DEL

In the DSD model the reaction amplitude for a given multipolarity is

interpreted as the sum of the direct and semidirect (or collective) processes.

The transition amplitude for capture of the incident neutron from the continuum

optical-model state | Xv
+ > t o t h e single-particle state | 4>o. > can be written

in the form :

where M represents the single-particle multipole operator and V the form fac-

tor for the excitation of the giant resonance, with excitation energy E and

width T . In the first calculations of the model, only the giant dipole reso-
15

nance was considered. A complex coupling interaction function ) having a real

part of volume form and a surface peaked imaginary part was able to describe

the fast neutron capture data (cross sections and capture spectrum) reasonably

well.

Experimental evidence has been accumulated for the isovector and

isoscalar E2 resonances and the contributions of these resonances in the radia-

tive capture of nucléons was investigated ' ) in addition to the GDR.

Mere recently,the model was extended including capture proceeding
18

through collective Ml excitation ) besides the collective El and E2 excitation
19

modes of the target. It was shown ) that Ml excitation produces effects on the

angular distribution symmetry of the capture y-rays. This effect is due to the

interference between radiations of different multipolarities. Cross sections

for Ml and isoscalar E2 processes are so small compared to the El strength that

these resonances cannot be investigated directly by means of their cross sec-

tion even at their maximum.
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Generally, the angular distribution of capture y-rays is presented

in the following form :

da
= A [ 1 + T a, P.(cos 9 ) ] (10)

dfi ° i 1 X Y

However, determination of the a. coefficients with a good accuracy is very

difficult for (n,y) reactions and the for-aft asymmetry is preferred :

Y(558) -Y(125°)
R = (11)

Y(55°) + Y(125°)

where the yield Y, for the y-transition of interest, is measured at 55° and

125° with respect to the incident neutron beam. Assuming a, to be very small,

R can be expressed in terms of the Legendre coefficients :

R = 0.5736 aL - 0.3886 a3 (12)

the â  coefficient, generated by the Ml and E2 radiations interfering with

the dominant El radiation, reflects the presence of a collective excitation.

In fig.9 we have represented the energy dependence of the R factor for three
1 Q 9fl

different excitations of the target nucleus in the Pb(n,y ) reaction ' ).

The negative peak at 3.8 MeV is completely generated by the El-Ml interference.

We measured the asymmetry factor R at 3.8 and 5.9 MeV to compare it

with the predictions of the DSD model when the Ml resonance is considered. The
9nft

2.615 MeV y-ray from the Pb(n,n'y) reaction was also recorded. The intensi-

ties obtained at 55° and 125° were corrected for gamma and neutron attenuation

within the sample and for neutron source anisotropy and neutron multipole

scattering. After correction, the 2.615 MeV Y-ray intensities were found to be

equal within 2.5 % as expected. The measured asymmetry factor R is compared to

the calculated factor in fig.9. The results would indicate that the Ml reso-?f!ft

nance is excited in the Pb(n,Y ) reaction.

140
Similar measurements have been made for the Ce(n,y ) reaction and

the analysis of the data is in progress.

Recently,we investigated the E2 Isovector giant resonance through
208

the capture of fast neutrons in the Pb (n,y ) react ion.These measurements

have been done at Los Alamos in collaboration with Drake and coworkers. This
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resonance is located around 22.5 MeV and has a width of 5 MeV and we measured

the asymmetry factor for the y - transition in the neutron energy range from

16 to 20 MeV. Preliminary results are presented in Fig. 10 and compared with
2!

the DSD predictions ). The large asymmetries found for the highest neutron

energies would indicate the presence of the isovector GQR.

VII - CONCLUSION

We were able to measure total capture cross sections in a region

where usual techniques are normally difficult to apply ; activation technique

and the prompt y-ray method using large liquid scintillators, Moxon-Rae or

Maier-Leibnitz detectors. Apart from the possibility of measuring cross sec-

tions for neutron energies above 0.5 MeV,our technique has the advantage of

giving information about the energy distribution of capture y-rays.

We would like to point out the difficulties of measuring neutron

capture cross sections in the energy range from 0.5 to about 6.0 MeV. As the

neutron energy increases the neutron capture cross section decreases to a mi-

nimum around 5.0 MeV. Because of the low neutron producing reaction cross sec-

tions the neutron flux is not very important, especially for the D(d,n) reac-

tion at E |v 1.0 MeV. Finally, for nuclei with low neutron separation energies,

the 6.8 MeV y~ray from activation in iodine introduces a further difficulty in

extracting capture y~ray intensities eventhough the use of an anti-Compton

spectrometer helps somewhat.

Using the same experimental set-up and data analysis techniques, we

have also investigated different aspects of the radiative neutron capture

process :

- compound nucleus, direct-semidirect and interference between these two

mechanisms.

- excitation of giant resonances, other than the well known giant dipole

resonance.

- distribution of radiative strength.
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TABLE I

208
Correction factors for Pb(n,y ) at E =5.9 MeV

Analytical Monte Carlo
expression Technique

Ref.3 Ref. 4

1.971 1.949

A 1.302 1.318
n

A 1.164 1.149
s

TTA 2.987 2.952

A : Y~ray attenuation in the sample.

A : neutron attenuation in the sample.

A : neutron source anisctropy.
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TABLE II

* 181
Neutror. capture cross sections of To. at 0.5 and 2.0 MeV.

Comparison between the pulse-height weighting (?HW)

and integrated speatrur. (IS) techniques.

Method

PHW

Extrapolation

Constant

Linear

Exponential

Distribution

(Method

n

ratio

I)

a (mb)
ny

=0.5 MeV

119

127

132

128

E = 3.0 M
n

17

32

20

IS

Constant 127 18

Exponential ( M e t h ° d I X ) 131 23

* These cross sections are not corrected for neutron self-shielding and

multiple scattering in the sample and for the neutron source anisotropy.



FIGURE CAPTIONS

Fig.l - Experimental arrangement used to record capture Y~ray spectra.

197 198
Fig.2 - Neutron capture cross section for Au(n,y) Au.

Fig.3 - Weighting function of the Nal spectrometer.

Fig.4 - Weighted pulse-height spectrum of 3.0 MeV neutron capture in Ta.

198
Fig.5 - The Au strength function deduced from the present work is represented

by the hatched region. Filled circles are photonuclear data. The reso-

nance average data are represented by filled squares.

I Q n

Fig.6 - Ta strength function compared to the extrapolation of the photo-

nuclear data.

90
Fig.7 - Cross sections for capture to the 2 dgj2 doublet in Y. Comparison

between CN and DSD predictions with the experimental data.

Fig.8 - Angle-integrated cross section for the Y-ray transition to the gq/9

209
ground state of Pb.

o no

Fig.9 - Energy dependence of the asymmetry factor in the Pb(n,Y ) reaction :

El + E2 (dashed line), El+Ml (dotted line) and E1+M1 + E2 (continuous

line) excitations. Comparison with the measured values.

Fig.10 - Energy dependence of the asymmetry factor for the y -transition in
208 ^

the Pb(n,y) reaction. Comparison between the predictions of the D
model (continuous line) and the experimental data.
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