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INTRODUCTION

The Studsvik Science Research Laboratory herewith

presents its progress report for 1978. The report summarizes

the current projects carried out by the research groups

working at the laboratory.

The very efficient assistance of the staff of the

laboratory is greatfully acknowledged.

The laboratory has been financially supported by

the Natural Science Research Council and the Board of

Technical Development. Valuable support in various ways

has also been given by Studsvik Energiteknik AB.

Gösta Rudstam
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1. NEUTRON PHYSICS

9 12
1.1 Excitation functions of the Be(a,n) C, the

13C(p,n)13N and the 13N(n>p)
13C reactions.

E Ramström

In stars the build-up of elements takes place during

various burning phases in the stellar evolution. During these

phases different nuclear reactions are of special interest.

A good knowledge of these processes is necessary to enable

theoretical calculations in connection with the study of

different models describing the evolution of stars. In the

present work two reactions, which are possible to take place

in stars, viz. 9Be(a,n) C and C(p,n) N, have been studied.

The protons and helium ions were accelerated by the Studsvik

6 MV Van de Graaff accelerator.

9 12Since the Be(a,n) C reaction has a positive Q-value

of 5.708 MeV, it can take place in astronomic objects at low

energies from nuclear physics point of view. Consequently,

it is important to know the cross section for the reaction

down to as low an a-particle energy as possible.

9 12The Be(a,n) C reaction was studied using a 2 mm

thick beryllium disk as a target. Consequently, the incident

a-particles were completely stopped in the target and the

quantity measured was the integrated neutron yield within

the energy interval from thermal energy up to the energy

of the incident a-particles. This technique was chosen in

order to make it possible to investigate the neutron yield

from proposed resonances at 0.152 and 0.246 MeV, which corre-

spond to levels in C observed in other reactions according

to Ajzenberg-Selove [1], even if the minimum high voltage
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at which the Van de Graaff accelerator worked was 0.44 MV.

The integrated neutron yield was measured at a-particle

energies in the interval 0.44 to 0.80 MeV. Outgoing from

these measurements the differential yields were calculated

as well as the absolute cross sections. The excitation

function for the reaction is shown in Fig. 1. It was also

found that the measured yield of neutrons in the energy

interval 0-0.44 MeV was less than one per cent of that ob-

tained in the region 0-0.60 MeV. Thus this investigation

shows that there are obviously no significant resonance

effects at 0.152 and 0.246 MeV.

The cross sections for some (n,p) and (n,a) reac-

tions, which are important parameters in the calculations

of the build-up of elements in stars as well as in the

calculations of neutron production in supernovae, can only

be obtained by studying the inverse reaction and then

computing the cross sections for the direct reaction by

means of the reciprocity theorem. This is the case for the

N(n,p) C reaction. Thus the C(p,n)13N reaction has been

studied. Two different targets were used with thicknesses of

41.2 and 60.4 pg/cm corresponding to 3.5 and 5.1 keV,

respectively/ at a proton energy of 4.0 MeV. The neutron

yield from the reaction was measured from threshold P.237 MeV)

up to 4.25 MeV. The results of these measurements are shown

in Fig. 2. The excitation function for the 13N(n,p)13C

reaction calculated with the reciprocity theorem is shown

in Fig. 3.

Reference

F. Ajzenberg-Selove, Nucl. Phys. A268 (1976)1.
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1.2 Neutron Inelastic scattering from some odd-mass

nuclei in the energy range 2.0 to 4.5 MeV

E Ramström

Fast neutron inelastic scattering from nine

odd-mass nuclei, i.e. 27Al, 51V, 55Mn, 59Co, 63Cu, 65Cu,

" Y , zu/Pb and ""'Bi, has been measured with time-of-flight

technique for incident neutrons in the energy range 2.0

to 4.5 MeV. Excitation functions for the population of

the individual levels in the nuclei have been derived. The

experimental data have been used to investigate the useful-

ness of the Hauser-Feshbach statistical model modified

according to Moldauer in describing the scattering process.

It was found that the inelastic scattering cross sections

calculated with the Hauser-Feshbach-Moldauer model in most

cases describe the experimental data well within 20 per

cent, with the exception of a few levels in the heavier

nuclei with collective excited states.

1.3 Neutron elastic scattering from Pbf and Bi

N Olsson, E Ramström

Comprehensive studies of neutron elastic scattering

have been in progress for several years at our laboratory.

As a component part of these studies the cross sections

for elastic scattering from Pbr (radiogenic lead) and Bi is

planned to be measured in the energy range 1.5 MeV to about

20 MeV. In this region only a few data points have been

published hitherto.
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As a part of this project the differential cross

sections for Bi and Pbr have been measured in the angular

range 15 to 160 at five incident neutron energies around

3.0 MeV, viz. 2.93, 3.00, 3.07, 3.14 and 3.21 MeV, with an

energy spread of +0.025 MeV. These measurements were perfor-

med i : order to find out if there is any structure in the

total elastic scattering cross section curves for these two

elements in this energy range. However, no such structure was

found with the energy resolution of the incident neutrons

used in this investigation.

1.4 Measurements of the inelastic cross sections of
141Pr and 89Y

B Trostell

Inelastic neutron cross section measurements can be

made in two different ways, i.e. by observing the inelastic

scattered neutrons or by observing the prompt y-rays from

the scattering process. Almén-Ramström (1) has used the

first method, separating different neutron energies with

TOF-technique, for an investigation of the usefulness of the

Hauser-Feshbach and Moldauer formalisms in describing the

scattering process for several nuclei in the neutron energy

range 2.0 to 4.5 MeV. The limited energy resolution in this

type of experiments makes it necessary to treat close lying

levels in groups and the detector cut-off, furthermore,

usually limits the measurements to energies several hundred

KeV above the reaction threshold.

An interesting result of the experiments of Almén-

Ramström was, however, that the cross sections calculated

with the Hauser-Feshbach and Moldauer formalisms demonstra-
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ted discrepancies from the experimental ones with up to 50%

for levels in some nuclei. This has initiated more detailed

measurements, using the second method mentioned above, thereby

making it possible to measure the excitation functions of

resolved energy levels from threshold and upwards with the

use of a high resolution Ge(Li)-detector.

The interest has been focused on two magic neutron

number isotopes, i.e. Y and Pr, and the aim of the work

is to investigate the usefulness of the Hauser-Feshbach and

Moldauer formalisms in describing neutron inelastic scattering

of such nuclei.

The measurements were performed with neutrons, produced

by the T(p,n)-reaction in 2 ns pulses, which in steps of 0.1

141MeV covered the energy range from 1.1 to 2.5 MeV ( Pr) and
Q Q

2.2 to 3.5 MeV ( Y). The total energy spread of the neutrons

hitting the scatterer was + 50 KeV. The true coaxial Ge (Li)

detector that was used had an efficiency of 10 % and an ener-

gy resolution of 2.4 KeV at 1.33 MeV, and was positioned in

a shield composed of lead, cadmium sheets and boron loaded

paraffin, viewing the scatterer through a narrow lead-iron

collimator. Together with TOF coincidence gating an excellent

signal to background ratio was achieved.

Energy and absolute photopeak efficiency calibrations

of the detector were performed with absolute intensity cali-

brated standard y-ray sources in the scatterer position.

Extension of the response function up to 3500 KeV was achieved

by relative calibration with Co. A directionally sensitive

and shielded standard long counter (2) placed in 130° rela-

tive to the ion beam viewed the target and served as a moni-

tor of the relative neutron flux on the scatterer.
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The y-ray production cross sections were measured

relative to the 847 KeV Y~i*ay production cross section of

Fe, obtained from integration over the actual neutron

energy spread of the ENDF/B IV evaluated data file. All

measurements were performed at 125° relative to the ion

beam giving .

a = A-n'^H (125°)

if the angular distributions are symmetric around 90° and

near isotropic. D.L. Smith has shown (3) that this does not

hold for the 847 KeV y-ray from 56Fe near threshold and that

EM2F/B IV actually gives a according to the above relation.

The validity of the above assumption will also have to be

checked for the investigated cross sections by measuring a

number of angular distributions.

The estimated uncertainty in the Fe reference cross

section is 10 %.

Corrections are made for neutron attenuation and

multiple scattering as well as y~ray attenuation in the

scatterers and tne 0° neutron energies were in addition to

calculation from the proton energies measured with TOF-

technique.

Background peaks were determined with a carbon scatterer,

giving only elastically scattered neutrons.

At the highest neutron energy one hundred different

Y-rays were observed with the Pr-scatterer, and there are

indications of several previously not reported transitions.

The analysis of the results is in progress.
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1.5 Compilation of neutron data for selected actinides

B Trostell

The Swedish Nuclear Data Committee has initiated

a compilation of evaluated and experimental neutron data

for a number of selected actinides.

The data are primarily requested for calculations in reac-

tor physics and of actinide build-up and for incineration

studies of nuclear waste by neutron irradiation.

The compilation work is split on five different

groups**. Our laboratory studies the (n,n)-cross sections

of 239Pu, 2 3 5U and 2 3 8U from thermal energies up to 20 MeV

238and the (n,n')-and (n,2n) -cross sections of U from

threshold up to 20 MeV. Five libraries are considered, i.e.

ENDF/B, KEDAK, LLL ENDL, UKNDL and JENDL. The data of the

latest version (V) of ENDF/B, which is to be released in

Spring -79 will be included before the final report is

published (Autumn -79).

Work is supported by the Swedish Control Authority

of Nuclear Power (SKI).

• * Nuclei Data

Th-232, U-233, U-235, a
U-238, Np-237, Pu-239,
Pu 240, Pu-241, Pu-242,
Cm-244, Cm-24 5, Cm-246,
Cm-247, Cm-248

Compiler

H Condé
National Defence Research
Institute, Fack
S-104 50 STOCKHOLM 80

C Nordborg
Tandem Accelerator
Laboratory
Box 533, S-751 21 UPPSALA

P Andersson
Lund Institute of Techno-
logy
Dept. of Nucl. Physics
Box 725, S-220 07 LUND 7
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Nuclei Data Compiler

Th-232, U-233, U-235, RI,o
U-238, Np-237, Pu-239,
Pu-240, Pu-241, Pu-242,
Cm-244, Cm-245, Cm-246,
Cm-247, Cm-248, Am-241,
Am-243

Am-241, Am-243 oT,

2200

U-235, U-238, Pu-239
U-238
U-238

Th-232, U-233, U-235
U-238, Pu-239

H Häggblom
AB Atomenergi
Fack
S-611 01 NYKÖPING

orp, Of, J-E Christiansson
a University of Gothenburg
' Department of Nuclear Physics

S-402 20 GÖTEBORG
and
H Sandberg
Chalmers Inst. of Technology
Department of Reactor Physics
S-402 20 GÖTEBORG

(n,n) B Trostell
(n,n') The Studsvik Science Lab.
(n,2n) Studsvik, Fack

S-611 01 NYKÖPING

~ H Condé
address (see above o )
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1.6 Fission cross section measurements on highly

g-active actinides

B Trostell

A fission fragment detector has been constructed for

fission cross section measurements on highly ct-active actini-

des.

This type of detector should meet the following

requirements:

- sufficient discrimination between a-particles and

fission fragments

- resistance against radiation damage

- high efficiency

- good time resolution for suppression of spontaneous

fission events in time-of-flight experiments

- insensitivity against neutrons and y-rays

A detector with the characteristics given above is a

spherical avalanche detector of the Karlsruhe type, where

two halfspherical insulated shells enclose a quenching gas

at low pressure.

The sample is applied on the inner shell and the

spherical geometry ensures small flight path differences.

By properly adjusting the pressure and high tension extre-

mely good a-discrimination and time resolution can be achie-

ved. The detector is not sensitive to neutrons or y-rays,

and with a small steady gas flow through the detector no

radiation damage effects are to be expected.

Because of a fission fragment detection efficiency
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of about 100 %, only yg-amounts of sample material will be

necessary, thereby reducing the a-particle intensity as well

as sample attenuation effects.
241 244Measurements of the Am and Cm fission cross
235sections relative to that of U will take place as soon

as the sample preparation of the detectors has been arranged.

1.7 Precision measurements of fast neutron elastic scattering

T Wiedling

Fast neutron elastic scattering cross section data

have found wide application in fission reactor physics

and an increasing use in fusion reactor physics. There

is also an increasing demand of elastic scattering data

in connection to the use of neutrons in medicine mainly

with regard to neutron therapy.

In reactor physics there is a great need of data

for a large number of isotopes from the light ones up to

the heaviest ones of the periodic system of elements. In

medicine, on the other hand, the main demand is for the

light elements of human tissue, i.e. a rather limited

number of nuclides.

The fission as well as the fusion neutron data re-

quirements are strongly coupled to fundamental neutron

physics research.

The fission reactor neutron data of specific

interest are those of energies mainly below a few MeV.

In the fusion reactor field as well as in medicine the

demand has to be covered up to 20 to 40 MeV. There is

accordingly a request for more powerful accelerators for

the neutron production to be able to satisfy these last

two fields. This has to be compared to the relatively small

Van de Graaffs which have frequently been used as neutron

sources in connection to the demand of neutron data for

fission reactors.

This work deals with a discussion of the perfor-

mance of neutron elastic scattering experiments in order to

get the highest possible accuracy with present techniques.

Also included in this project is a study of the treatment

and numerical analysis of the data with regard to the accu-

racy of the experiment. An evaluation of many existing
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scattering experiments clearly demonstrates the need for

such a study having in mind the ultimate goal of more

accurate experimental scattering results.

1.8 A proposal of an ion pulse stacking system for the

production of short intense pulses

T Wiedling

The ion sources used in Van de Graaff accelera-

tors are usually run in a DC-mode either they are of the

HF or duoplasmatron types. An ion beam of short pulses

can be obtained by chopping and bunching the DC-beam from

the source. The duty factor obtained will be very small,

only of the order of 10 for 1 ns bunched pulses at a

repetition rate of 1 MHz. The main part of the beam is

completely wasted. The duty factor can be improved by

rising the repetition frequency, but this is often in-

convenient since in neutron time-of-flight measurements,

i.e. the type of experiment using pulsed ions for neutron

production, the time distance between the pulses is

restricted by the overlap of the neutrons from conse-

cutive pulses.

One method to improve the duty factor consists

of the use of a pulse stacking technique. A pulse repe-

tition rate of for instance 10 MHz is chosen, i.e. the

time difference is 100 ns between consecutive pulses.

The ions of a pulse travel an orbit in a magnetic field

in such a time, in this case in 100 ns, that they get syn-

chronized with those of the following pulse. This is re-

peated for a number of pulses, for instance 10, after

which the stacked ion pulses are deflected out from the

magnet. The duty factor thus gets improved by a factor

of ten with, in principle, the same pulse width as that

of the original one and with 1 MHz pulse repetition rate.

-H
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1.9 A post buncher system

N. Olsson

In neutron reaction studies such as elastic scattering,

inelastic scattering etc. a pulsed ion beam is used,and the

energy of the neutrons is determined with time-of-flight

techniques. The time resolution of the system then determines

the energy resolution, and since the energy is reciprocally

proportional to the square of the time-of-flight, the energy

resolution will rapidly deteriorate with increasing neutron

energy.

To enable precision measurements,especially at higher

energies, the resolution of the neutron time-of-flight facility

must be improved. This can be done either by decreasing the

duration of the accelerator pulse or by increasing the flight

path. Because of intensity reasons it is more favourable, at

constant ion current, to shorten the ion pulse.

The existing ion pulsing system consists of a deflection

plate system in combination with an energy modulating klystron

buncher, positioned directly after the ion source in the machine

terminal. The system gives for protons and deuterons a pulse

duration of less than 1 ns.

The development project consists of a post accelera-

tion klystron buncher. The buncher is designed as a resonator

with high Q-value.

To fullfill the demands of a proper energy modulation

the resonator oscillation must be coherent with the buncher

signal (15 MHz) at the ion source. This signal therefore must

be amplified, frequency multiplied (from 15 MHz to 90 MHz)

and fed into the resonator power amplifier with the correct

phase.
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At the present time the project has progressed so

far that the resonator is built and tuned to its resonance

frequency (90 MHz). The resonator Q-value is about 2000.

The frequency multiplier and a 15 W amplifier have been

built. A new ion beam line is being built,and a vacuum of

about 10 torr is expected.

1.10 Van de Graaff-accelerator

L Norell

The Van de Graaff accelerator has been run with

protons, deuterons and helium ions with both DC and pulsed

beams. Metal and heavy gas ions have been accelerated, but

only with DC beam. The accelerator was run in shifts for

5 days per week. 1466 hours were used by scientists, 200

hours for machine converting, 35 hours for machine tests

and 144 hours for maintenance.

The distribution of the available machine time

between experiments performed by physicists from various

institutes is snown in Table 1 and between different ex-

perimental branches in Table 2.

Table 1 The distribution of the machine time between

various institutes (in per cent)

The Studsvik Science Research
Laboratory 91,5 %

Universities 8,5 %

Table 2 The distribution of the machine time between

different experimental branches (in per cent)

Neutron physics

Material research

Irradiations

Irradiation biology

80,1 %

13,4 %

4,9 %

1,6 %
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2. NEUTRON ABSORPTION AND SCATTERING

2.1 Neutron diffraction studies

I Olovsson, University of Uppsala

Single crystal and powder diffraction work has been con-

tinued during 1978. Some worn parts of the single crystal diff-

ractometer have been replaced. This has improved the reprodu-

cibility of the crystal orientation matrix. A new low-tempera-

ture system for the single crystal diffractometer has been

bought and will be modified and tested during 1979. A new de-

tector and collimator system for the powder diffractometer have

been tested and subsequently used in routine measurements. The

work of the Group has involved cooperation with researchers

from all Universities in Sweden. The well established inter-

national contacts with Brookhaven, Grenoble, Harwell, Kjeller

and Risjzf have been maintained.

The year's activites can be summarized as follows:

1. Continuation of the single crystal and powder data collec-

tion program.

2. Completion of structural investigations making use of data

collected during 1977.

1. The following complete data sets have been collected.

Single crystal

Compound

LiD3(Se03)2

6LiH3(Se03)2

LiC103«3H20

O(CH2COOH)«H20

A1(NO3)3'9D2O

MnSO, 3H2O

NaS2CN(CH2)4«2H2O

Researcher responsible

S. Chomnilpan, Uppsala

R. Liminga, Uppsala

J.-O. Lundgren, Uppsala

R. Tellgren, Uppsala

K. Hermansson, Uppsala

0. Lindqvist, Göteborg

1. Ymén, Lund
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Powder/Liquid

Compound

cci4

VOMo0 4(4.2 K)

B a B f D - O

LaNi

LaNi5(0.2 MPa

NaHgBr3

HgBr3(lM)

Pd3P0.8
Pd3P0.8D0.2(0-2MPa D2>
P d3 P0.8 D0.2 ( 0' 5 M P a D 2 )

Researcher responsible

G. Johansson, Stockholm

B. Blom, Stockholm

J. Lindgren, Uppsala

J. Albertsson, Lund

U. Dahlborg, Studsvik

U. Dahlborg, Studsvik

G. Johansson, Stockholm

G. Johansson, Stockholm

Y. Andersson, Uppsala

Y. Andersson, Uppsala

Y. Andersson, Uppsala

2. Data collected earlier have now reached publication. One

single crystal and one powder abstract are included to illustrate

the quality of the data available:

2.1.1. An_X^ray__and_Neutrgn_Study>_gf_a_Gel^Grgwn_Phase_of

P.§ic.iym_5?algnate_Dihy.drate

J Albertsson, Å Oskarsson and C Svensson

A gel-grown phase of Ca (C.JH2O4) -2H2O (monoclinic, space
group P21/c,a = 8.7767(6) b = 7.7540 (5), c = 9.8836(6) A,
0 = 106.406(6)°, Z = 4) has been investigated with both X-ray
and neutron diffraction. The structure refined to R = 0.022
(X-rays) and 0.066 (neutrons). The malonate ion is coordinated
to four different Ca2+ions in layers stacked along a. Each
Ca2+ ion is coordinated by five carboxylate and two~water 0
atoms. The coordination polyhedron is a pentagonal bipyramid.
Each water H is involved in a hydrogen bond linking the layers
along a. The thermal parameters obtained in the neutron experi-
ment are compatible with the C-H and O-H«"O stretching fre-
quensies obtained from IR spectra.

A

(

Fig. 7. The milonite ion and the hydiogen bonds in (II).
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2.1 . 2.§tructural_Studies_of_the_Solid_ElectrglYte_Hi2h3LiTa3Og

Anders G Nord and John O Thomas

The high temperature modification of LiTa3Og has been
studied by X-ray single-crystal and neutron powder diffrac-
tion techniques. The orthorhombic unit cell (Z=4) has the
dimensions a = 16.705(2), b = 3.836(1), c = 8.928(1) Å. A
structural model has been proposed based on the space group
Pnma (No. 51) and refined by least squares R(F) = 0.045 on
the basis of 1205 independent X-ray reflections.

The large difference in X-ray scattering power for tanta-
lum and lithium meant that all efforts to locate the lithium
ions in the difference Fourier maps were fruitless. The situa-
tion for neutron scattering is more favourable, however.
The scattering amplitudes b (in cm) are -0.194x10"12 for
lithium, 0.70x10~*2 for tantalum, and 0.575x10~

12 for oxygen.
Neutron powder diffraction data have been collected at the
Studsvik R2 reactor from 2 cm3 of powdered high-LiTa3O«
(A=1.56 Å with a flux of 106 neutrons cm"2 s"""; 3iei42° with
A(9)=0.04°). The Rietveld full-profile refinement procedure
was then used. The final agreement factors were R-r = 0.127,
Rp = 0.180, and Rpw = 0.193.

Fiy. I. Projection of tht crystal structure of high-
LiTa3O, along the b axis.

. t
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2.2 Neutron scattering studies of condensed matter.

K Sköld, Guy Nilsson

2.2.1 Liquid 3He

The analysis of the neutron scattering results

for liquid He at 40 mK and at 1.2 K have been completed.

A brief summary of the results has been published and a

detailed account of the experiment has been prepared. In-

depth interpretation of the results in terms of theoreti-

cal models is being done in collaboration with Prof. D.

Pines and coworkers at University of Illinois. A model

based on generalized polarization potentials which in-

cludes a wave-vector dependent effective mass and multiple

particle-hole excitations is found to be in good agree-

ment with the experimental number density fluctuation

spectrum. In particular, the theoretical prediction for the

zero sound dispersion curve is in excellent agreement with

the experimental results. The spin fluctuation spectrum can

be explained only if spindependent forces are assumed.

Further work is needed to fully understand this part of

the spectrum.

Neutron scattering experiments at elevated pressure

have been made during the year. These measurements are aimed

at understanding the difference in the effective hard core
3 4interaction between He and He and, in particular, the

importance of the zero point amplitude for the local screen-

ing of the repulsive hard core. The studies at higher pressure

will also elucidate the density dependence of the spin-

asymmetric interaction and the tendency for magnetic spin

ordering at higher density. The rerults obtained so far

are contaminated by scattering from the pressure cell and

are therefore difficult to interprete with precision. The

experiment will be repeated under improved conditions when

the He-project is transferred from Argonne National Labora-

tory to the Studsvik reactor later in the year.
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2.2.2 Superionic conductors

Neutron quasi-elastic scattering studies of the

diffusion of ions in superionic conductors are being planned.

The first system to be studied is Cul for which detailed

Molecular Dynamics results already exist. We have also

developed a novel method for the determination of the macro-

scopic diffusion coefficient. The method is a modification

of the tracer method and is based on in situ neutron acti-

vation of the diffusing species in a high flux position in

a reactor. The neutron activation is confined to a narrow

section of a rod-shaped sample, and the diffusion coeffi-

cient is determined by monitoring the change in the activity

profile along the rod as a function of time. The method

will be tested experimentally in the near future in a mea-

surement on a sample in which Cu-ions are the diffusing

species, probably Cul.

2.2.3 Neutron small angle scattering

The construction of a facility for small angle

neutron scattering (SANS) at the R2 reactor has been proposed,

but the project has not yet been funded. Mr Guy Nilsson

is presently associated with the SANS group at Institut

Laue-Langevin in Grenoble where he will learn the experi-

mental technique. The project has not otherwise been persued

during the year. A renewed application for construction

funds has been submitted.

2.2.4 Phonon spectroscopy

The analysis of phonons in non-symmetry directions

in NaCl has been completed, and a report of the results has

been submitted for publication. The neutron results are

compared to calculations based on the Breathing Shell Model

with parameters which were previously derived from a fit

to phonons in directions of high symmetry. The theoretical

results are found to be in good agreement with the experi-

ment also in non-symmetry directions which implies that the

model is of general use for the description of the phonon

spectrum in alkali-halides.
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2.2.5 Other activities

Invited talks have been given by K Sköld at the

following major international meetings.

1.

2.

Physics Conference at Linköping, June 1978.

Workshop on "Neutrons in Helium" at Grenoble,

France, August 1978.

3. Summerschool "Neutrons Scattering and the

Liquid State" at Canterbury, England, Sep-

tember 1978.

4. Twenty-Sixth Midwest Solid State Conference

at Argonne, USA, October 1978.
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3. RADIATION CHEMISTRY

3.1 Introduction

A Lund, G Nilsson

The unifying theme in our research program is the

study of primary radiation processes. Two experimental

methods are in use namely ESR spectroscopy at low temperature

and pulse radiolysis with high time resolution. These two

methods are complementary in the sense that ESR reveals the

structure and pulse radiolysis records the kinetics of the

reactive species.

At present two classes of substances are under in-

vestigation namely saturated hydrocarbons and carboxylic

acids and their salts in the crystalline state. In the

case of hydrocarbons our recent interest is in the selective

reactions which occur when n-alkanes with small amounts of

additives are irradiated at low temperature. A project on the

radical cation formation and reactions in liquid samples is

made jointly by us, a group in Leipzig and the radiation

chemistry group in Stockholm.

In the case of carboxylic acids and their salts

studies are made on the kinetics of decomposition of primary

products. These primary products are those formed by loss

and capture of an electron and referred to as oxidation

and reduction products. Measurements of the kinetics of the

decarboxylation of the oxidation product and the deamination

and dechlorination of the reduction products are made for

the first time in carboxylic acid salts, amino acids and

chlorinated acids respectively.

Below some additional details are given for the

present projects.

3.2 Crystalline hydrocarbons

The main purpose is to investigate the relative

importance of a number of selective reactions, for instance

1. Selective reactions between hydrogen atoms and additives

2. Transfer of excitation energy from matrix to additives

3. Reactions with electrons - selective electron capture

4. Ionic processes

in the presence of different types of additives.
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In previous work from this laboratory selective

formation of radicals from n~C10
H22 n~cloD22

was observed at 77 K but not at 4.2 or 195 K. This effect

was ascribed to reactions of type 1 or 2. A similar conclu-

sion is reached on the basis of a mass spectrometry analysis

of the H2:HD:D2 content. The question of whether hydrogen

atoms are able to abstract another hydrogen atom at low

temperatures, resulting in hydrogen gas and an alkyl radical,

has been under much debate. At present we are studying

i-decene-h20 as an additive to n-decane-d22, thereby giving

reactive D-atoms a choice between abstracting at one end

of the decene molecule and addition at the other. Prelimi-

nary results indicate that both processes take place.

3.2.1 Energy transfer as an explanation of the radio-

lysis products in 1,8 dicloroctane/n-decane-h
22

mixtures

Ola Claesson and Anders Lund

We report measurements of the yields of hydrogen

gas, cloride ion, total radical and •CgH,gCl radical in the

radiolysis of the system 1,8-dicloroctane in n-decane-h22

at 77 K and 195 K. Two models are discussed in an attempt

to explain these results; selective abstraction by hydrogen

and energy transfer. The latter model gives a better fit to

the experimental data.

(Chem. Phys. 21/ (1978), 63)

In view of the uncertainties inherent in the inter-

pretation of product analyses, we have decided to increase

our efforts to apply the pulse radiolysis method to crys-

talline hydrocarbons. The properties and the reactions of

mobile electrons and holes in these matrices have not been

studied directly before. As an example a charge transfer

complex (R,H ...R-Cl") might exist and be detectable in the

system C, nH22/'C8Hl6^2 *n a n al°9 v with observations of this

complex in liquid systems (see below).
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3.3 Carboxylic acid crystals

The main purpose is to identify the specific

reactions of the primary oxidation and reduction products.

For that reason a new technique has been established. In

the first step the optical absorption spectra and the decay

kinetics of the transient species are obtained by pulse

radiolysis. The decay is recorded at different temperatures,

and the activation energy is obtained from the Arrhenius

plot. The next step is to identify the species by finding

its signal in the ESR spectrum. For that reason the activa-

tion energy is used to calculate the temperature at which

our species has a half life of a few minutes, a decay rate

which is easily observed in the ESR spectrum. An analysis

of the spectrum is made before and after the decay has

occured at the calculated temperature.

On the basis of this analysis a reaction scheme

is obtained which is verified by an analysis of certain

characteristic decompositions products (CO-, Cl , NH-j) .

By combining the techniques of pulse radiolysis, ESR and

product analysis it is thus possible to arrive at the

reaction scheme and the kinetics of the reactions: At

present Rochelle salt (the NaK salt of tartaric acid),

glycine and monochloroacetic acid have been studied in

detail. The kinetics of the decarboxylation, of the oxida-

tion products and the deaminations and dechlorination of

the reduction products have been determined for the first

time. These reactions will be further studied in several

other related substances. Data have as yet been collected

for some tartrates, mesotartaric acid, alanine and

a-aminoisobuturic acid.

3.3.1 Primary reactions in crystalline Rochelle salt

studied by pulse radiolysis and EPR spectroBCOpy.

The decarboxylation of the acyloxy radical ion.

P-0 Samskog, G Nilsson and A Lund

The acyloxy radical ion O2CCHODCHODCO2(I) was

identified in irradiated Rochelle salt by combining the

techniques of pulse radiolysis and EPR spectroscopy. This
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primary radical gives hyperfine couplings due to C, H

and Na and has a broad optical absorption band with the

peak at 405 run. It decomposes by decarboxylation in a

first order decay. The half life at 22°C is 55 ns and the

activation energy for decarboxylation is 7.5 kcal mole

The G-value for the C02 formation is 2.7 and the extinction

coefficient of (I) is 900 II1" cm"1. No effects of the ferro-

electricity of the salt on e G was found.

(J. Chem. Phys. 6J3, 4986 (1978))

3.3.2 Primary reactions in crystalline matrices studied

by pulse radiolysis and ESR spectroscopy. Kinetics

of dechlorination of the chloroacetic acid nega-

tive ion.

P-0 Samskog, A Lund, G Nilsson and M C R Symons

The radical anion C1CH~COOH~ was identified by

ESR spectroscopy in single crystals of monochloroacetic

acid y-irradiated at 77 K. The primary radical gave an

isotropic hyperfine coupling to the chlorine (28, 15, 15)G

and isotropic hyperfine couplings to the protons (~20 G).

The g-values are (2.0057, 2.0041, 2.0024). The first order

decay of the radical anion was studied by pulse radiolysis.

The primary radical has an optical absorption at 395 nm

and decomposes by breaking the C - Cl bond. The activation

energy for this process is 13.9 kcal/mole.

(In manuscript)

3.3.3 Primary reactions in irradiated glycine-d, crystals

P O Samskog, T Gillbro and G Nilsson

Two transient optical absorptions with A at
IUclX

365 and 480 nm were observed in a pulse radiolysis study

of glycine-d3 (D^NC^CC^) crystals. By comparing with ESR

spectra the species giving rise to the 365 nm absorption

was identified as the radical cation, D^NCi^C^

(100 eV)~ ), and that responsible for the 480 nm absorption

as the radical anion, D ^ N C H ^ O ^ H " (eG = 850 M"1cm"1(100 eV)"1

From the kinetic data the activation energies for deamina-

tion and decarboxylation were calculated to be 5.5 kcal/mole

and 11,1 kcal/mole, respectively.

(Submitted for publication)

(eG = 7300M~1cm~1
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3 .4 Pulse radiolysis of Liquid alkanes

P-0 Samskog, G Nilsson

The experiments described in the 1977 Progress

Report is now being prepared for publication.

In these experiments radical cations were obser-

ved as well as a new absorption band at 475 nm. The new band

appears at high concentration of electron scavengers (S)

and is ascribed to an electron donor acceptor complex

or a proton transfer complex (RH ....S) which decays by

first order kinetics. We intend to continue these investi-

gations of radical cations in hydrocarbons to elucidate

their role in charge transport and charge exchange. The

work is made in cooperation with radiation chemistry

groups in Stockholm and in Leipzig, DDR, and is partly

supported by IVA through the program for the exchange of

scientists.

3.5 Equipment for irradiation and measurement at 4.2 K

T Andersson, 0 Claesson and A Lund

Equipment that permits irradiation of ESR samples

in liquid helium has been assembled and tested. The equip-

ment consists of an X-ray unit (loan from the Institute of

inorganic chemistry, KTH, Stockholm) a Wolfram X-ray tube

and an insert type ESR liquid helium dewar.

Preliminary experiments have been made on oriented

DNA (together with A. Gräslund) and Rochelle salt. Satisfac-

tory signal strengths were obtained after irradiation for

30 min with 40 kV and 20 mA.
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3.6 Calculation of Powder ESR Spectra of Radicals with

Hyperfine and Quadrupolar Interactions. Applica-

tion to Mono- and Dichloroalkyl Radicals.

Anders Lund, Karl-Åke Thuomas and Jean Maruani

A FORTRAN program has been written which calculates

powder ESR spectra for a paramagnetic system with S = 7 de-

scribed by the spin-Hamiltonian H = SBgS + l ^ f S ^ I ^ I ^ I

eNg.BI.} under the assumption that the electronic Zeeman

term is the dominant interaction. The perturbation matrix

consisting of the hyperfine, quadrupolar, and nuclear Zeeman

terms of each nucleus is diagonalized. The y, A and Q ten-

sors need not have parallel principal axes. A Gaussian or a

Lorentzian linewidth is superimposed on the calculated

stick diagram and integration over all orientations is per-

formed by Gaussian quadrature. Powder spectra of mono- and

dichloroalkyl radicals have been generated using this pro-

gram.

(Journal of magnetic resonance 3J2, 505-514(1978)).

Work is in progress to extend this program to S=l.

We also intend to include second order contributions in

the case of S=V2/ in order to analyze bromo- and iodoalkyl

radicals.
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RADIATION DAMAGE STUDIES

Introduction

B Holmqvist

The main activity of the o-oup has been to study

radiation induced void swelling in high purity aluminium

and stainless steel. Radiation damage was introduced in the

specimens by irradiation with selfions in order not to

disturb the chemical composition. These irradiations have

been made by using the 6MV Van de Graaff accelerator and

its efficient heavy-ion source. The research program has

been devoted to studies of the influence of various metallur-

gical parameters on the swelling. In particular, differences

in chemical composition and thermomechanical treatment has

been investigated. Furthermore, the stability of voids in

aluminium has been studied during isochronons annealing.

A brief summary of each project is given below.

4 .2 Electron microscopy studies of annealing of voids

induced in aluminium by irradiation with aluminium

ions.

U Engman and B Holmqvist

This experiment has been performed in order to

study radiation induced void swelling properties of high

purity, i.e. 99.999 per cent aluminium, and the tempera-

ture stability of the voids during isochronons annealing.

From such experiments information can be extracted of in-

terest both in applied and pure metal physics.

Samples for irr. diation consisted of cold-rolled

sheets of aluminium. They were annealed at 500°C in vacuum

and electropolished giving a final thickness of 300 pm.

Prior to aluminium ion irradiation the samples were im-

planted with 630 keV helium ions at room temperature to a

dose of 180 appm, unformly distributed between 1.3 to

2.3 nm below the specimen surface. Helium is considered to

be a nucleation agent for stabilizing void growth. The same

region in the samples were then irradiated by using 3.4 MeV

aluminium ions at a temperature of 140°C which is close to

the temperature where maximum void growth has been observed.
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The samples were irradiated to a dose corresponding to 8

displacements per atom (dpa). Specimens for transmission

electron microscopy were prepared using conventional tech-

nique. Thus the specimens were thinned to about 1.5 vm in

order to reach the uniform damage zone and were then electro-

polished to perforation. The annealing properties of the

voids in aluminium were studied in situ by using the heating

stage in a 1 MeV JEOL high voltage electron microscope

where the specimens were heated isochronically during 10

minutes at the temperatures 110, 200, 265, 285 and 300°C.

Micrographs were taken at each temperature from which the

void diameter as well as the corresponding swelling has

been determined at the various annealing temperatures. The

results have been plotted in Fig. 1, which shows that there

is a continuous decrease of the void concentration with the

annealing temperature. The mean void diameter shows a slight

increase up to about 200°C where it increases n.ore steeply.

The net effect of these parameters is that there is hardly

any decrease of the swelling below 200°C. Above this tempera-

ture it drops steeply to zero.

In particular, it is interesting to observe the

decrease of the void concentration below 200°C which took

place during an annealing time which was much shorter than

the irradiation time. This observation together with the very

small variation of the swelling would indicate that small

voids are less stable than large ones and that large voids

grow at the expense of small voids.
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Fig. 1

4.3 An experimental study of swelling in Sandvik

12R72 and 12RN72 stainless steels by Ni ion

bombardment.

U Engman and B Holmqvist

L Egnell, Sandvik AB, Sandviken, Sweden

Void swelling of stainless steel induced by large

neutron doses can be significantly reduced by cold work and

thermal treatment as well as by increasing the nickel con-

tent of the steel prior to irradiation. The purpose of the
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present work has been to study these effects upon irradia-

tion-induced void swelling of a 15 percent Cr, 15 percent

Ni, Mo, Ti, B-alloyed steel (12R72HV) and of a 19 percent

Cr, 25 percent Ni, Mo, Ti, B-alloyed steel (12RN72) both

being developed by Sandvik AB, Sweden. Samples of these

steels were supplied in the following three conditions:

(A) Solution treatment at 1100°C 10 min/H20 + 20 percent

cold work, (B) Treatment. A + recovery anneal at 800°C

2h/H_O, and (C) Treatment B +10 percent cold work. High

neutron doses have been simulated by nickel ion irradiation.

Prior to these irradiations helium was implanted in each

specimen to an atomic concentration of 15 ppm to simulate

neutron-induced (n, alpha)-reactions. Specimens of 12R72

and 12RN72 in conditions A, B and C, respectively, were

then irradiated simultaneously at a temperature of 265°C

to a dose of about 10 nickel ions/square metre correspon-

ding to 140 displacements per atom.

The irradiation parameters are the same as those

used by W G Johnston et al1' in a study of a number of

steel alloys allowing a direct comparison of the swelling

properties of the various steels. The surface of the irra-

diated specimens have been studied with optical microscopy

showing grain boundary ridging. However, the elevation of

a bombarded region due to swelling observed by Johnston

et al has not been seen in any case in the present experi-

ment.

Transmission electron microscopy used to study

the microstructure in the steel specimens after irradiation

showed inhomogeneous distributions of voids.

l) W G Johnston, J H Rosolowski, A M Turkalo and

T Lauritzen. J. Nucl. Mat. 54, 24(1974).
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4.4 Defect annealing studies in aluminium by posi-

tron annihilation.

B Holmqvist, B Jonsson and U Engman

The aim of the present work has been to study

annealing of deformation effects in 99.999 per cent pure

aluminium. It is convenient to perform such experiments

by electron microscopy. However, there are drawbacks using

that technique, the most important of which is that very thin

foils are necessary for observation in the electron micro-

scope. It must be emphasized that the mechanisms being

responsible for annealing of deformation effects in metals

are not necessarily equivalent in thin foils and in bulk

material. It is therefore of interest to use a different

experimental method for such investigations. We have used

positron annihilation which is well-known to be a sensitive

and nondestructive method for studies of point defects in

metals. Explicitely the annealing of deformation effects

in aluminium has been studied versus the annealing tempera-
22

ture by measuring the lifetime of positrons from a Na

source placed between two disc-shaped samples in a sand-

wich geometry. The positron lifetime in the aluminium

samples was observed with a conventional fast-slow coin-

cidence spectrometer. The time resolution of the instru-

ment is 245 ps (FWHM) measured with a Co source. Annea-

ling of deformation effects was studied in steps of about

10°C in the temperature region 20°C to 200°C and at a few

points between 200°C and 525°C. At each temperature the

aluminium discs were heated in vacuum for two hours. The

lifetime measurements were then made at room temperature in

each case. A preliminary analysis of the lifetime spectra

in terms of one component has been performed in order to

see the general trend of the annealing process. The results

obtained by annealing of samples being exposed to 7 and 90

per cent thickness reduction respectively, are shown in

Fig. 1. It is seen that for a slightly deformed sample

(7 per cent) there is a continuons decrease of the lifetime.

In the heavily deformed sample there is no change in the
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lifetime below 100 C. Above that temperature there is a

sharp decrease in the lifet ime indicating a decrease of

the point defect concentration in the sample. The threshold

effect observed for the heavier cold-worked sample can be

regarded as a saturation of traps for positron annihila-

tion in the material. Above 150°C there is no further

change of the lifetime, which indicates that the deforma-

tion effects introduced by cold-rolling have been annealed

out. The lifetime value of 167 ps observed above 150°C is

in good agreement with the value of 166 ± 2 ps for annealed

high purity aluminium determined by Cotterill et al [1].

The observed decrease of the lifetime during annealing can

be due to a recovery process in course of which the dis-

location structure of the material is swept out. This haF

been shown by Sandström et al [2], who have studied th-~

annealing of cold-rolled high purity aluminium in situ in

a high voltage electron microscope. In the temperature range

from 100 to 200°C they observed subgrain growth which occurred

by dissolution of boundaries through extraction of boundary

dislocation. Thus the point defect concentration decreases.;

leading to a decrease of the lifetime. It is also clear from

Fig. 1 that the point defects anneal out at a somewhat higher

temperature for the sample being exposed to 7 per cent cold-

work than the 90 per cent cold-worked sample. This can DCJ

explained in the following way. The driving force for re-

covery in the material increases with the degree of dtf;iira-

tion. The recovery temperature is thus lower for a hea/ily

deformed material than for a slightly deformed material. Th«

data will also be analy?ed in terms of more than one life-

time component in order to study intensities and lifc-ii.n.-??

in connection with the trapping model [1],
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4.5 A study of the neutron induced reactions for
1 Q Cg C ft

F, Fe and Co in the energy interval 16
to 22 MeV.

B. Holmqvist

V. Corcalcine, Institute of Atomic Physics,

Bucarest, Romania.

A. Marcinkowski, Institute of Nuclear Research,

Warsaw, Poland.

G.A. Prokopets, Kiev State University, Kiev,

USSR.

The analysis of the experimental data has been

finished and the work has been published in Nuclear Physics,

The abstract is given below.

Abstract

Cross sections have been measured for the produc-

tion of prompt y-rays following the interaction between

the nuclei F, Fe and Co and neutrons at the energies

16.2, 18.1, 19.3, 20.5 and 21.8 MeV. The y-ray spectra were

observed with a Ge(Li) spectrometer and a time-of-flight

technique. Analysis of the experimental data revealed that
r

only (n,n"), (n,2n) and (n,np) or(n,d) reactions take place

with a noticeable probability. The experimental cross sec-

tions have been used for comparisons with compound statis-

tical model calculations of the'cross sections for the

population of low-lying states of the reaction products.

These investigations showed that the statistical model

approach is not sufficient to describe the experimental

excitation functions. The results indicate that direct and

pre-compound processes must be included in the analysis

of y-ray yields from neutron induced reactions when bombar-

ding energies exceed 14 MeV.
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RADIOACTIVITY

Nuclear Spectroscopy

(B. Fogelberg)

The nuclear spectroscopy studies of radioactive decays

presented below, have all been made using isotope separated

activities at the OSIRIS ISOL-facility.

5.1.1 Studies of the heavy even mass isotopes of Sn

(Work performed in collaboration with P. Carle,

Research Institute for Physics, Stockholm)

During the last three years, a large fraction of the

time has been devoted to a study of the level structure of

even Sn isotopes as observed in the decays of In nuclei with

A=120-128. The experimental work has consisted of measurements

of y-rays, yy-coincidences, conversion electrons and level

half-lives in the ns and ps regions. For A=122, 124, 126

the mass separation was complemented with an on-line chemical

separation of the Cd activity, which is a precursor to the

In nuclei. In this way the In isomer with the lowest spin

was singled out, since only low spin states are populated

in the decays of the 0 Cd ground states. Two isomers with

suggested I 1 ^ * and (8)~ were observed in each of the nuclei
124, 126, 128

In t h r e e i s o m e r s w i t n suggested I* of

and 4* or 5+ and (8)" were found in 1 2 0' 122In.

Several two-quasiparticle states could be unambiguously

identified in the Sn nuclei on the grounds of log f_t values,

y-ray transition prohabilities and energy level systematics.

A comprehensive report on the study have been written, in-

cluding data on the complex decays of 10 previously little

known or unknown isomers of In and a discussion of the energy

levels in the Sn nuclei.

5.1.2 Gamma-ray studies of the delayed neutron emitters
87Br and 1 3 7 I .

(Work performed in collaboration with H Tovedal,

Studsvik Energiteknik AB)

The data analysis of the study of the decay 137I->137Xe

is now essentially completed. A level scheme showing approxi-

mately 60 excited states have been constructed. About one

third of the levels are situated above the neutron binding

energy.
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87 87A study of the decay Br+ Kr by means of y-ray and

yy-coincidence measurements was started in 1978. The work

is aiming at obtaining rather exhaustive information on the
87

level structure in Kr, especially for the high lying

levels. The counting times were therefore rather long, of

the order of 80 h, at the maximum possible counting rates

which did not cause deterioration of the detector resolution.

The analysis of the experimental results are still in an

early stage. The work will probably be rather time consuming

due to the complexity of the y-ray spectra which contain

700-800 lines.
87

The data obtained through this y-ray study of Kr,

is intended to form part of a more thorough investigation

of this isotope, wich is a valence nucleus with one neutron

outside a closed shell. Another part of the study is a measure-
86

ment of the neutron cross section of Kr up to a few hundred

keV neutron energy. This latter measurement, wich is planned

to commence in Oak Ridge in the Spring or Summer of 1979 will
87

give a good estimate of the level density in Kr above the

neutron binding energy. In combination with the y-ray work

at OSIRIS, one can hope to extract information also on the

selectivity of the fl-decay and probably resolve the question

wether the structure of the delayed neutron spectrum of
87
Br should be interpreted as individual transitions or not.

5.1.3 Studies of the isobaric chains A=141, 143

(Work performed in collaboration with physicists

at ILL, Grenoble)

The experimental part of this study, consisting ot

measurements of conversion electrons and level half lives

at OSIRIS, was completed two years ago. A report on the

results regarding A=143 is now completed and has been sub-

mitted to Z.Phys.

158

5.1.4 A study of the level structure of Gd through the

(n,y) reaction

(Work performed in an international collaboration)

The experiment and data analysis of our part of this

study, which comprised a couple of man years at this institute,

was finished several years ago. The final report on the

work was, however, not published until 1978, partly due to
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the difficulties in holding together a collaboration of

several groups on both sides of the Atlantic. The combina-

tion of the data from the different groups has in any event

resulted in the probably most exhaustive study ever made of

a heavy nucleus.
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5.2 Nuclear chemistry

(K Aleklett, P Hoff, L Jacobsson, B Johansson,

O Johansson, E Lund, G Rudstam and M af Ugglas

(part time))

5.2.1 Introduction

The scientific activity of the group has been

centered around the study of nuclear decay properties of

short-lived fission products. As part of the project to map

the atomic mass surface far out on the neutron-rich side of

stability the total beta disintegration energy of a number

of nuclides has been determined. Another main line of research

has been to measure the delayed-neutron branching ratios of

about half the neutron precursors which are available at OSIRIS.

Certain decay properties are of direct technological

importance. To this group belong the average beta and gamma

energies which are required for the evaluation of the heat

developed in nuclear fuel by the decaying fission products.

This field has been the subject of a considerable effort by

the group during 1978.

Finally, the evaporation process in nuclear reac-

tions induced by high energy particles has been studied theo-

retically.

5.2.2 The OSIRIS facility

The isotope separator has been used throughout the

year with the standard type of integrated target - ion source.

The total running time was 66 3 hours.

The present type of target-ion source reaches a

temperature of about 1500°C. This is too low for a rapid

diffusion of the products from the target material. In order

to decrease the delay in the system, and thereby to increase

the yield of short-lived nuclides, the development of a

hotter ion source is crucial.

Alternative construction materials in the discharge

and target chamber walls also have to be considered.
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In a target-ion source unit made for the ISOL-

system PINGIS (on the 225-cm cyclotron in Stockholm) high

temperatures (ionizer 2950°C, target » 1900°C) have been

recorded. An ion source of a similar type will now be used

at OSIRIS. It is plausible that elements like palladium

and some lanthanides will become available.

Another feature of this ion source is that it has

got indirect heating of the discharge and target chambers

by twin electron bombardment units. This makes filament

erosion less serious so that the unit life-time is primarily

controlled by other factors like, for instance, corrosion of

ceramic insulators. Its comparatively solid electrodes are

also expected to resist corrosive carrier gases fairly well.

This will be of value in future experiments aiming at forming

volatile product-compounds by means of reactive gases.

The PINGIS ion source has now been modified in two

respects:

Firstly, all parts of neutron absorbing materials

have been replaced and are now constructed in reactor grade

materials (e.g. a number of insulators) .

Secondly, the assembly cartridge and all the inter-

nal heat-shields have been squeezed down to a smaller dia-

meter so as to fit into the OSIRIS vacuum tank. These altera-

tions have been tested in the Stockholm separator.

The heavier part of the ion-source transfer actually

seems to be the installation of the twin electron-bombardment

supplies. The whole unit, including twin cathode and anode

supplies plus remote control, is now made compact and mobile

(on wheels) for fast transport between the test benches and

the separators.

5.2.3 Chemical separation methods

In the progress report of 1977 the construction of

a chemical separation system was described. The aim was to

find out the reason for the low yield which we obtained in

our thermochromatographic separator which is placed at a

beam line from the isotope separator. To do this, measuring

stations were positioned at several places in the system.



- 46 -

By means of this arrangement we found that the reason for

the low yield was instability of the position of the beam

at the entrance of the separation apparatus. Small displace-

ments of the beam made it fail to enter the entrance channel.

This can be cured by a new lens system, but we have chosen

to move the chemical separation apparatus to another and

shorter beam line instead where we expect the beam spot to

be more stable. This will be done in the Spring of 1979, and

after a testing period the apparatus will be used in a series

of experiments, for instance, the study of heavy isotopes

of zinc and cadmium.

5.2.4 Total beta decay energies

Measurements of total beta decay energies have been

one of the main lines of research in the group for a long

period of time. By now, a Large amount of data have been ob-

tained with a considerable extension of our knowledge about

the mass surface far out on the neutron-rich side of stabi-

lity as a result.

The work has been completed for isotopes of bromine,
Q C

and a report giving total disintegration energies of Br,

Br, Br, Br, and Br has been accepted for publication

in Z. Physik (ref. ' ) . For Br and Br our results are

in agreement with earlier published data. The accuracy is
87 89

improved by a factor of 5 - 10, however. For Br and Br
88no values have been given earlier. For Br, finally, our

result is at variance with another determination made at the

Laue-Langevin Institute in Grenoble '. We belive that our

result is the correct one, explaining a mistake in the decay
88 2)

scheme of Br applied in ref. as the cause of the discre-

pancy.

A publication reporting total disintegration ener-

gies of isotopes and isomers of indium in the mass range

120 - 129 (altogether 18 cases) has been published during

1978 (ref. 3 ) ) .
ft ft

The decay scheme of Br has been studied, partly
to back up the determination of the beta disintegration

energy.
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5.2.5 Delayed neutrons

The main effort in the field of delayed neutrons

has been devoted to measuring neutron branching ratios. The

method consists of counting the number of beta particles

and delayed neutrons from the same sample by means of cali-

brated detectors. The beta detector has been calibrated

using the By-coincidence technique on isotopes of indium
29Sn) which areand tin (125In, 127In, 125Sn, 127Sn, and

conveniently produced at OSIRIS. So far, the neutron detector

has only been calibrated using an americium-lithium source

of known strength. A calibration experiment with the Van de

Graaff-accelerator to produce monoenergetic neutrons is

scheduled for the Spring of 1979. Then, the possible energy-

dependence of the detector will also be checked. Until now,

we have assumed this to be negligible.

With a warning of possible changes due to new

calibration results for the neutron detector, the delayed

neutron branching ratios are given in Table 1. Some recent

determinations from other laboratories are also included in

the table. Our data for halogen and alkali precursors are in

agreement with data obtained at Mainz and Grenoble where

similar experimental techniques have been applied. For
142

Cs two widely different values are found in literature.

Our measurement definitely sorts out the higher of those

values as unreliable.
80

It should be noted that our measurements for Ga127 128and ' In are the first ones ever obtained for these
nuclides, and that our measurements for a number of other

cases are generally more accurate than values published

before. The largest contribution to the errors in the mea-

surements at this laboratory originates from the calibration

of the beta-detector which has been determined with an accu-

racy of 4 - 5 %.

The problem of the feeding of excited states in

the final nucleus by the emission of neutrons has been

treated both theoretically (refs. 4'5') and experimentally.

The experimental project is almost completed. The method is

to study the gamma-rays emitted by the final nucleus and to

correlate them with the neutron emission. Such measurements
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have been carried out for 80' 81Ga, 88Br, 93"96Rb, 1 3 8I and
143, dealing with the decay of 88Br and 1 3 8I

have been written (refs. ' ). The experimental results are

well reproduced by theories on gross beta decay and, so far,

the experiments have given no indications for non-statistical

effects in the beta decay to regions above the neutron binding

energy. A summary of the experimental results, accompained

by theoretical calculations, will be prepared during 1979.

A report on the status of delayed neutron data has

been published in the proceedings of the Second Advisory

Group Meeting on Fission Product Nuclear Data in Petten,

Netherlands, 5 - 9 September 1977 (ref.8))-
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Table 1.

Preliminary delayed neutron emission probabilities obtained

at OSIRIS.

Precursor

80Ga

87Br

88Br

89Br

93Rb

94Rb

95Rb

Tl/2
(sec)

1.66

55.6

16.0

4.38

5.85

2.76

0.384

P %n
This

0.87

2.60

6.8

13.4

1.35

9.7

8.7

^
work

± 0.05

± 0.13

± 0.4

± 0.8

+ 0.07

± 0.5

± 0.5

Pn (%)

other refs.

2.1 ± 0.3a

2.16.+ 0.33b

2.56+ 0.38C

6.3 ± 0.9b

6.47± 0.70C

16.5 + 2.5b

12.5 ± 2.0c

1.24+ 0.14d

1.75+ 0.15b

1.2 ± 0.1e

1.16+ 0.08f

8.5 + 0.9d

12.8 + 0.7b

9.6 + 0.8®

9.7 ± 0.5g

8.5 + 0.9d

10.9 + 0.8b

8.4 + 0.5e

8.6 + 0.5g
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Precursor Al/2
(sec)

n
this work

n
other refs

127In(l/2~)

127In(9/2+)

128Inx)

130Jnx)

137T

138,

139,

141
Cs

142Cs

143
Cs

3.76

1.12

0.84

0.58

24.5

6.53

2.38

24.9

1.71

1.78

1.00

0 . 7 2 +

<0 .

0 . 0 6 3 +

1 .39 +

6 . 3 +

5 . 4 ±

9 . 1 +

0.031±

0.103 +

1.59 +

2.90 +

0.04

03

0.008

0.08

0 . 3

0 . 3

0.6

0.002

0.006

0.09

0.16

j <
<

4 . 3 ±

8.6 +

7 .8 ±

6 . 1 +

6 . 1 +

4 . 5 +

5 . 7 +

2 . 5 8 +

1 0 . 1 +

10.2 ±

0.043 +
0.053 +

0.086 ±

0.285 +

1.93 +
1.74 +

3.67 +

2.95 +

0 .15 h

0.20 h

1.4h

1.2a

1.2b

0 . 5 c

0 . 8 e

0.9C

3 . 3 b

0.22 e

3.6C

0 .9 e

0.0071

0.003 f

0.010b

0.026 f

0.10b

0.12g

0.59b

0.25g

x) The value includes two isomers (3 and 8~)

with similar half-lives.

a)

b)

O
d)

e)

= ref.

= ref.

= ref.

= ref.

= ref.

9)

10>

12)

13>

f)

g)

h)

i)

= ref.

= ref.

= ref.

= ref.

14)

15)

16)

17)
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5.2.6 Decay heat in nuclear fuel

The decay heat in nuclear fuel is the weighted

sum of average beta and gamma energies of the individual

fission products. The group has been engaged in determining

these average energies for the fission products available

at OSIRIS. In the preceding progress report a set of aver-

age beta energies was reported. Based on these values and

additional ones calculated from published decay schemes

and from beta strength data (the latter obtained a few

years ago at OSIRIS) a fairly complete set of average beta

energies has been obtained. A preliminary report containing
18)

these energies has been written . They have also been in-

cluded in the data library FPLIB of the inventory code
19)INVENT for a calculation of the beta part of the decay

heat in nuclear fuel. The results are shown in Fig.l, de-

monstrating an excellent agreement between the calculated

values and results from an integral experiment at Oak

Ridge . In fact, the new average values agree much better

with experiments than the currently used American data base

ENDF/BZC as is also apparent from figure.

A detailed comparison between decay heat values

in U and Pu obtained using the FPLIB library in con-

junction with the INVENT code and experimental integral

results from Oak Ridge and Los Alamos is under way. Ex-

perimental integral determinations are also being carried

out at this laboratory (cf. Section 5.3) and a compa-

rison will be made with the results from this project as

soon as they are in their final state.

5.2.7 Energy spectrum of antineutrinos

With the new decay data of fission products avail-

able it has been natural to evaluate the energy distribu-

tion to be expected for antineutrinos around a nuclear

reactor. Such spectra are required for the interpretation

of experimental results in the antineutrino field carried

out using a reactor as the source of the antineutrinos.
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The energy spectrum obtained in the present analysis is

weaker at energies above about 8 MeV than antineutrino

spectra published earlier. The reason for this is connected

to the strong feeding of high-lying daughter states in the

beta decay of fission products with high disintegration

energies, which has been demonstrated at this laboratory

A report describing the work on the antineutrino
23)spectrum has been written

5.2.6 Theoretical study of the evaporation step in

nuclear reactions.
24)As has been shown earlier it is possible to treat

the evaporation step in nuclear reactions induced by high-

energy particles analytically keeping track of the evolution

of the spin along the evaporation chains. Experimental work

at ISOLDE, CERN, has now made available spallation distri-

butions covering an unusually wide yield range - about a

factor of 10 in the case of isotopes of cesium formed in

the interaction of 600 MeV protons with a lanthanum target,
25)for example .With this experimental materiell at hand it

now becomes possible to subject the two-step nuclear reaction

model (cascade + evaporation) to a severe test.

The earlier theoretical study of the evaporation step in

nuclear reactions has therefore been taken up again.

So far, a preliminary calculation of the yields

of cesium isotopes from lanthanum has been carried out. The

experimental data were obtained using a thick target. Con-

sequently, there will also be contributions from secondary

reactions caused by protons and neutrons emitted in the

cascade process. The calculation therefore starts with

an analysis of this effect. Next, the set of residual

nuclei to be used as starting points for the evaporation

chains is established by means of an analysis of the cascade

process using the Monte Carlo technique. The results of

this analysis combined with the results of the analysis

of the secondary effect, are used as input data for the

evaporation calculation. This calculation is described
2 fi \

in a laboratory report .



- 53 -

There is a surprisingly good agreement between experiment

and theory, taking into account that the parameters en-

tering into the theoretical model have not been adjusted

in any way whatsoever.

The study of nuclear reactions outlined above is

only in its initial stage. Tne results obtained so far

are very important, however, because they show that the

cascade-evaporation model forms a useful description of

the spallation reactions. Next, what should be done is

to look in detail into the premises of the calculation to

see what is needed to reproduce the experimental yields

still better. An obvious starting point is to change the

mass formula used in the programme. The first preliminary

calculation utilized the old formula by Wing and Fong from
27)1964 . By now, a considerable development in this field

has taken place. It is quite possible that the evaporation

calculation can pick out a particular one among all the

mass formulae published as the best one from a comparison

between theory and experiment. Also other parameters,

such as the optical model parameters defining the trans-

mission coefficients and thus steering the competition

between the emission of protons and neutrons (free or bound)

can be checked.

In the experimental study of cesium isotopes some

isomeric yields have been determined, notably for ' mCs

and ' Cs. Thus, there exists material for a comparison

with theoretically derived isomeric yields.
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Fig. 1. The quantity cooling time multiplied by beta

power (in MeV/fission x s) versus cooling time

for 2 3 5U.

Open circles with error staples (± one standard

deviation): INVENT

Closed circles: Experimental results from ref.

Solid curve: Summation calculation using

ENDF/BIZ20' 2 1 ).

20)
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5, 3 Integral measurement of beta radiation energy

released from fission products created in thermal

fission of U.

(P-I Johansson and G Nilsson)

The energy release from fission fragments within

about 10 s after fission is a critial parameter for the de-

sign of emergence core cooling systems in reactors. Du-

ring the first few seconds after shut down of a reactor

the major energy development is due to fissions induced

by delayed neutrons. After about 10 s, however, the ener-

gy of Y~ and 6-radiation from fission products is domina-

ting.

Measurements have been performed at the Studsvik

Science Research Laboratory with the aim of studying the

energy distribution and the total energy of Y~ and B-radia-

tion emitted 10 - 1500 s after thermal fission of U.

Data for the gamma measurement have been reported [l],and

this annual report deals mainly with the beta measurements.

5.3.1 Neutron source and sample preparation

235,Thermal neutrons for inducing fissions in U by

irradiation were produced by means of a 6 MeV van de Graaff

accelerator, which can deliver proton beams with currents
9 9up to 100 viA. Fast neutrons produced in the Be(p,n) B-reac-

tion were thermalized using a cubic-shaped moderator of
8 2paraffin. The neutron flux available was about 10 n/(s.cm ).

The uranium samples were 10 mm in diameter and their

thickness was about 4 mg/cm . They were enriched to 99.3 %
235 2

U and capsuled with 4 mg/cm of titanium to ensure that

no fission fragments were lost. The disks were enclosed in

cylinders of polyethylene and transported by a pneumatic

system to the position for irradiation and measurements,

respectively.

5*3.2 Determination oi the number of fissions

The number of fissions in the sample was determined

by two independent methods. One was based on an absolutely

calibrated fission chamber and the second on the measurement
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of the Y-ray intensity from fission fragments with known

yield.

The fission chamber consisted of 108 pg of U.

Due to its small volume (1 cm in length and 0.3 cm in

diameter) the fission chamber could measure the mean neu-

tron flux at the position of the sample.

The second method for determination of the number

of fissions utilized a high resolution Ge(Li)-detector.

The y-ray intensity emitted from fission products with

known independent yield, half-life and branching ratio

was measured at various time intervals after irradiation.

By taking into account the efficiency of the detector the

number of fissions occurring during the irradiation was
99

calculated. In this measurement the isotope Mo was pre-
99

ferably used. In the decay of Mo 140.5 keV y-radiation
is emitted, which is well resolved from the adjacent y-

line of 143.75 keV from 235U.

5.3.3 Beta spectrometer

The beta radiation from the fission products was

measured with a spectrometer consisting of three Si(Li)-

crystals, with an efficiency of 100 % for beta energies

up to about 1.5 MeV and 30 % efficiency at 6 MeV. One

crystal was placed between the other two. The center crystal

was operated in anticoincidence mode with the side crys-

tals in order to suppress events from beta particles, which

lost only part of their energy in the main crystal. The

spectrometer was placed in vacuum and cooled to 80°K. The

beta particles from the irradiated foils penetrated a win-
2

dow of Ni with a thickness of 3 mg/cm . A pulse -height spect.

rum for beta radiation was obtained by two measurements.

One was performed without absorber (0 + y-radiation) and

one with an absorber of 10 mm Al (y-radiation). The diffe-

rence between the two normalized measurements was the beta

pulse height spectrum. The intensity of the observed gamma

spectrum was usually less than 6 % of the beta spectrum on

account of the low efficiency of the spectrometer for gamma

radiation.
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5.3.4 Sample transportation and data handling

The sample transportation, the irradiation and the

counting times were handled by means of a PDP-15 compu-

ter. An automatic cycle could comprise various irradia-

tion, counting and cooling times. The spectra were auto-

matically stored on dump tape for off-line data analysis.

5.3.5 Analysis and results

Measurements have been carried out with irradiation

times of 4, 10 and 120 s to reveal the time dependence of

the decay energy.

The analysis of pulse height spectra obtained by

the detector was performed by a code developed at the la-

boratory. The code used measured response functions to un-

folded spectra.

Total beta energy times the cooling time obtained

for different irradiation- and cooling times is shown in

Fig. 1. The result should be considered as tentative until

the final report is issued.
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6. THEORY

6 .1 Theoretical studies of condensed matter

(I Ebbsjö, T Kinell and I Waller)

During the year the calculations of the static

andthe dynamical structure factors for liquid aluminium

have been extended. The calculations are based on the

technique of molecular dynamics in wnich the classical

equations of motion are solved on a computer for a large

number of particles, in our case 500. The potential energy

for the system is built up by pair-wise interactions, and

the essential input to tl- computer program is the pair

potential.

Earlier we have calculated the static and the

dynamical structure factors for liquid aluminium, using

two different pair potentials, both of which are density

dependent and based on the pseudopotential formalism, name-

ly Ashcroft's pseudopotential with Geldart-Vosko screening

(AGV) and Shaw's non-local model potential with Geldart-

Taylor screening (SGT) During the beginning of the year

the calculations for the SGT-potential were completed.

For both pair potentials the calculated dynamical structure

factors showed that collective oscillations with wavelengths

of the same order as the interatomic distances should

exist in aluminium. Previously, such results had been ob-

tained only for rubidium in which case they have also been

verified experimentally.

According to our calculations the collective

oscillations were less distinguished for the SGT-poten-

tial than for the AGV-potential. These calculations have

been published (1).

Because of thn difference mentioned above between

the results for the two pair potentials a new calculation

with the TGT-potential was performed. This potential is

widely believed to be the most reliable. It was originally

derived by Dagens, Rasolt and Taylor. (TGT indicates that

the .numerical calculations for aluminium was first done

by R Taylor and that Geldart-Taylor screening was used).
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The results for this potential agree well with the re-

sults for the AGV-potential. This confirms our earlier

results, namely that collective oscillations show up in

the dynamical structure factor at short wavelengths and

thus should be experimentally observable if only the

difficulties associated with measurements at the appro-

priate neutron energies could be overcome.

This is a new result of great interest as extensive

experimental measurements of the dynamical structure factor

for aluminium have been made at the ILL-reactor in

Grenoble. The difficulties associated with the demand of

highly accurate measurements at the neutron energies needed

to observe collective oscillations in liquid aluminium

have not yet been mastered, however. Our result might

help to demonstrate what improvements are needed in the

experimental procedures.

Considerable effort is presently devoted to the

development of analytical methods to calculate the dyna-

mical structure factor. Molecular dynamics results play

an important role in testing these methods. One very succes-

ful example of this kind of theoretical effort is the one

by A Sjölander and collaborators. They have verified their

methods by comparison to our molecular dynamics data as

well as to earlier results for rubidium obtained by A Rahman.

An important part of our calculations consists in

checking the pair potentials by comparison with experiments.

Of particular importance has been the comparison with measure-

ments of phonons in solid aluminium and of the static struc-

ture factor for liquid aluminium. These tests have been ex-

tended to include the TGT-potential which for the phonons

show nearly as good agreement as the results obtained for

the AGV-potential and thus slightly better than for the

SGT-potential. Comparison with the measured static structure

factor has been more difficult to evaluate, especially because

the experiments are not finally corrected. The agreement

for all three potentials are equally satisfactory. This is

not surprising as it is known that already a model of hard

speres with reasonable radius gives a good description of

the static structure factor.
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We have also done a calculation of the limit of

the static structure factor for small wave numbers and used

the known thermodynamic relationship between thiK limit and

the isothermal compressibility for the calculation of the

latter. Good agreement with the experimental value was

obtained for the AGV- and the TGT-potentials while the theo-

retical value for the SGT-potential is twice as large as

the experimental value. Because of this difference and par-

ticularly the use of conventional second-order pseudopoter' -

tial theory for pair potentials as starting point for such

a calculation of the compressibility is not theoretically

clear, we have investigated the basic principles of pseudo-

potential theory for thermodynamic properties. This inves-

tigation has improved earlier methods in the calculation of

thermodynamic properties - such as the compressibility and

the thermal pressure coeffient - to take into account the

average density of the conduction electrons in liquids.

These further studies have unfortunately delayed the publi-

cation of the results (2). We have compiled the numerical

data (3) and made these available to other research grouus,

however.

During the year we have started an investigation

of procedures to extract an effective pair potential from

an experimental static structure factor, particularly by-

application of a method given by Mitra. This problem is

worked upon together with Ulf Dahlborg, KTH.

In January prof. J Friedel, Paris, visited Studsvik

on the account of the Swedish Science Research Council for

the evaluation of research in metal physics. Ebbsjö par-

ticipated with a short contribution in the conference

"Computers and neutrons" held in Oxford in April and also

visited Harwell for discussions with Schofield, Eder,

Jacucci, Page and Dixon. We have maintained contact and

exchanged results with Page and Taylor in Harwell, Eder

and Kunsch in Seibersdorf and Dixon in Reading. In Septem-

ber Kinell went to the summer school "Neutron scattering

and the liquid state" in Canterbury and also visited

Harwell. Waller participated in the symposium "Classical

fluids", International Centre for Theoretical Physics,
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Trieste June 12 - 13 on the occasion of his 80th birthday.

Proceedings will be published. The group contributed with

a poster to the conference in Linköping in June arranged

by the Swedish Physical Society. We also arranged a small

symposium on liquids in late May in Studsvik. Invited spea-

kers were A Sjölander, his collaborators Sjögren and Sjödin

and KN Pathak from Munich.
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