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1. NEUTRON PHYSICS

(E Ramström)

Neutron cross sections of fission products are of reactor

technological interest, since the neutrons in a reactor interact with

the fission products as well as with the fuel itself and with the ele-

ments of the reactor structure. However, these cross sections are not

always easy to measure, but have to be estimated by means of calcula-

tion, since many of the fission products are radioactive. In the present

work, inelastic scattering cross sections have been calculated with the

Hauser-Feshbach theory for six stable fission products for which experi-

mental data is available, in order to test the reliability of such

estimations. The transmission coefficients required for these calcula-

tions have been obtained using two different sets of generalized

optical model parameters. Comparisons between the calculated and

experimental cross sections show that as a rule, data calculated using

the set of generalized optical model parameters derived at Studsvik

give a good description of the experimental values, to within 25 per

cent or within the quoted uncertainty limits.



1.2 Jnelastic_scattering_of_7i03_and_8^00_MeV_neutrons

(E Ramström and B Troste11)

Aluminium has been proposed as a suitable material for the

construction of magnet coils in fusion reactors. These coils will be

exposed to high neutron fluxes produced in the thermonuclear reaction
4

T(d,n) He. Accordingly, a thorough knowledge of the neutron cross

section data for aluminium in the energy region up to 14 MeV is impor-

tant.

Earlier measurements of differential inelastic scattering

cross section between 5.5 and 9.0 MeV show discrepancies of the order

of 25 per cent [1]. The measurements in this investigation were

therefore performed at neutron energies of 7.03 and 8.00 MeV.

Vanadium is also of current interest as a construction

material in fusion reactors. The investigation was therefore extended

to this element the differential cross section for inelastic neutron

scatteiing being measured in the angular region 35° to 150° by the

TOF-technique. The D(d,n) He-reaction was used as neutron source (gas

target) and the relative efficiency of the detector was determined by

hydrogen scattering. Analysis of the results is in progress.

References

1. RAMSTRÖM E
A compilation of experimental cross section data for elastic
and inelastic neutron scattering from Al.
AE-FN-36, 1976.



3 A_studj_of_the_sgin2orbit_term_o£_the_SBherical_o£tical_Bodel

(E Ramström and T Wiedling)

Polarization angular distribution measurements are considered

to be useful in studying the spin-orbit term of the optical model

potential. However, with regard to the study of fast neutron scattering

polarization effects, the experimental technique is not trivial and

the precision is usually limited. The spin-orbit term can also be

studied by the observation of neutron elastic scattering angular

distributions at large angles. This is obvious from optical model

calculations with a spherical potential which demonstrate that the

inclusion of a spin-orbit term, as well as the choice of the numerical

value of its depth, can cause quite drastic changes in the neutron

elastic scattering angular distributions at backward angles. Conse-

quently, the study of differential cross section distributions at

these angles is potentially a sensitive method of testing the spin-

orbit concept. In the present work differential cross sections have

been measured for the elements Fe, Co, In, and Bi at an incident

neutron energy of 7.0 MeV for scattering angles up to 174°. Compari-

sons between measured and calculated data show that the experimental

cross sections for the elements studied are in good agreement with

calculations using a potential depth for the spin-orbit term of 6 MeV

for Fe and Co and of 4 MeV for In and Bi.



Il»e_exci tat ion_f unction_of_the C^g^n^ Q_reaction_§nd_its

(E Ramström and T Wiedling)

Neutron-liberating reactions as well as neutron absorbing

processes play important parts in the synthesis of elements in a star

and in the different phases of its life sequence. Thus the C(a,n) 0

reaction is of interest for instance in connection with processes such

as hydrostatic and explosive burning, as well as in the synthesis of

oxygen and other light elements. A good knowledge of the energy depen-

dence of the cross section of the alpha-carbon reaction is evidently
13of importance. In the present work the neutron yield from a thick C

target was measured for o-particles in the energy range 0.60 to 1.15

MeV with a sensitive 4TT neutron detector. Stellar temperatures between
o

3.5 and 9.2 x 10 K are involved in this energy region. The observed

neutron yield curve was used to determine astrophysical cross section

factors S(E) as well as parameters for the 1.056 MeV resonance. Starting
13from the sequantities, an expression for the mean lifetime of C

nuclei interacting with helium was derived.
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1.5 Investigation_of_sources of_s^stematic_er£ors_in_cross_sction

measurements

(I Töcksberg)

During several years angular cross section determinations

have been made at the Van de Graaff Laboratory for numerous elements.

These investigations have all been carried out by means of the time-

of-flight technique using an experimental set up described as follows:

The detector together with its shielding has been mounted on

an arm, movable in a horizontal circular path from 0 to about 150

relative to the beam direction and with the scatterer positioned in

the centre of this circle. Before enteri.ig the target cell, the charged

particle beam is centered in the tube by an aperture arrangement [1].

If however, the centering of the beam is not exact, one will induce a

systematic error in the cross section determinations caused by disagree-

ment between the measured and actual angle between beam and detector.

Further, the monitoring of the target neutron flux has been made with

the aid of a time-of-flight monitor, hanging from a wali in the experi-

ment hall, as well as with a monitor placed on the floor of the labora-

tory. During previous measurements a spectrometer position dependent

counting rate of the time-of-flight monitor has been observed, which

is believed to originate from neutron scattering from the spectrometer

shielding. The tank monitor, however, remained all the time compara-

tively stable.

The aim of the present work is to improve the experimental

technique in order to diminish systematic errors. The experiment is

performed in two steps. In the first place, a modification of the

range of the detector was considered to be needed which enables opera-

tion within the angular interval -150° to +150°. In order to get the

time-of-flight monitor less sensitive to the position of the spectro-

meter it was placed about 4 meters above the neutron target. When

properly analysed, with reference to both monitors, these measurements

will indicate any anti-symmetry in the cross section curves regarding

the 0 position. In the second place, an examination of the symmetry

of the detector itself is intended. By using a well collimated neutron
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beam directed toward the detector and by changing the spectrometer at

angles in the vicinity of 0 , the angular resolution characteristics

of the detector is obtainable. The main part of the collimating equipment

is constructed and the experiment is planned to start within short.

References

1. ALMEN E
Measurements and analyses of neutron scattering
experiments
TPM-FN-55, p 2, (1973).
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2351.6 Promgt_fissionneutron_sgectrom_of U

(J M Adams* and B Trostell)

Current reactor experiments indicate the presence of more

neutrons below ~ 100 KeV than can be accounted for on the basis of the

evaluated experimental data currently in use. The extrapolation of

fast neutron fission spectra to below the energy range of the experi-

mental data is therefore to be treated with a certain amount of

caution [1]. The work presented here is a continuation of earlier

studies performed at this laboratory and at Harwell [2-4] but with the

aim more specifically directed to studying the low energy region
235(E > 100 KeV) of the prompt fission neutron spectrum from U.

The measurements were performed with the aid of the Studsvik

6 MeV VdG accelaerator, which delivered pulses of < 2ns FWHM at a

repetitionrate of 1 MHz.

The neutron TOF-spectrometer included two liquid scintilla-

tors (NE213), 5 cm thick and 12.5 cm in diameter, coupled to RCA 8854

PM-tubes. The whole detector assembly was constructed to turn through

the angular range 0 - 150 with a positional reproducibility of 0.1

degrees. The two scintillators, mounted with a 5 degree separation

viewed the center of rotation through a heavy shield composed of

iron, lithium paraffin and lead.

All the electronic equipment was of commercial standard**

except for the discrimination system, where a new unit, developed at

Harwll, was used [5,6]. The relative neutron flux was monitored with a

directionally sensitive, collimated and shielded standard long counter.

Three experimental runs were made with neutron flight pahts of 300,

300 and 253 cm resp. The corresponding detector biases were 50, 50 and

30 KeV of neutron energy.

An accurate determination of the fission neutron spectrum

requires a thorough knowledge of the relative detector efficiency.

This was obtained by measuring the angular distibutions of Li(p,n)
7Be at Ep = 2.1 and 2.3 Mev, 3H(p,n) 3He at Ep = 3.0 MeV and 2H(d,n)
3
He at E, = 4.25 MeV, thereby covering neutron energies in the range

* From AERE, Harwell, England

*• ORTEC
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0.1 - 7.3 MeV. Several overlapping points between the different reac-

tions were taken for purposes of normalization. Special efforts were

made to obtain closely spaced points from the Li(p,n) Be-reaction

which lies in the critical, low-energy, region where the efficiency

changes rapidly. Differential cross sections were taken from [7,8].

The TOF spectrometer was calibrated with regard to energy
9 10both before and after the experiment by using the Be(d,n) B-reac-

tion at E, = 3.0 MeV. In this way an energy range of 0.3 - 7.4 MeV was
65 65

covered. Thick-target neutrons from the Cu(p,n) Zn-reaction at 3.6

MeV in 30 degrees yield a continous neutron spectrum with a resonant

structure up to 1.5 MeV. Insertion of a 2.5 cm thick iron absorberer

in front of the detector then leads to the apperarance of the familiar

iron resonances as dips in the continuum. This method [9] was used for

purposes of energy calibration in the low energy region, and also

served to check the stability of the detector efficiency in this

critical region.
235The fission spectrum of U was recorded at 87.5 and 92.5

degrees and an incident neutron energy of 100 KeV from the Li(p,n)

Be-reaction, using ~ 10 KeV thick Li-metal targets. The fission-

sample had the form of a hollow cylinder, height 2.95 cm and outer

diameter 1.80 cm, made with a thin wall of 0.15 cm, in order to reduce

the attenuation and multiple scattering corrections. The mass weight
235of the sample was 42 g and the degree of U-enrichment was 93 %.

238With a thick (1 cm) walled, U-scatterer in the specimen

position the detector bias was adjusted so that no "over-flow" of

inelastically scattered neutrons occurred above the Y~peak position.

Accordingly, the shorter the sample-detector distance the lower the

bias setting. This method of setting the bias was chosen because the

constant background level above the y-peak is necessary for the

determination of the total background, which should also be constant

above the peak representing elastic scattering.

The fission spectrum measurements were made in 4 hour sequen-

ces in order to detect any drift in the system. Occasionally measure-

ments were performed without sample in position to insure that the

background was constant throughout the energy range of interest. The

discriminator units were also furnished with outputs for gammas and

neutrons plus gammas. It was thus possible to make a further check on
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the stability by taking the ratio between these two outputs. This was

performed every hour and the fluctuations were found to be less than

one por cent. At a level slightly above that of the scattered 100 KeV

neutror-peak a signal to background ratio of 1.2 was achieved during

operation with the lowest bias setting. Analysis of the results is in

progress.
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1.7 Oxy_gen_distribution grofiles in thin_evagorated contacts_on

(Sture Petersson*, Herman Norde*, G Possnert** and B Orre**

The electrical properties of metal-semiconductor contacts

are strongly dependent on the interface between metal and semiconduc-

tor. When regarding the formed interface barrier height, it has been

found that the interface oxide is probably the single most important

property. These naturally formed oxide layers are of thicknesses of a

few Å to a few tens of Å. It has been of interest to determine these

thicknesses after the contacts are stabilized and in this paper we

have investigated the oxygen content by utilizing the 3.045 MeV

nuclear resonance in the 0(a,a) 0 elastic scattering reaction,

which enhances the sensitivity by a factor of 35 compared to Rutherford

backscattering.

By scanning the energy of the incoming Ot-particles it is

possible to shift the nuclear resonance to different depths in the

sample. This makes it possible to determine the oxygen content and its

depth distribution on surfaces and in thin film structures.

The sharpness of the resonance (= 20 keV) as well as the

high stopping power for a-partides imply a comparably good depth

resolution. The samples investigated were prepared using standard

etching and evaporation techniques.

In the figure is shown the resulting curves for three samples

consisting of

a)

b)

c)

uncovered Si-surface,

200 Å Au on etched Si-surface,

200 Å Au, 500 Å amorphous Ge on etched Si-surface

Horizontal and vertical scales correspond to depth and oxy-

gen concentration respectively. This sample shows that the contacting

materials (Au and Ge) enhance the oxygen accumulation on the silicon

surface. The preliminary results show a promising analytical technique

within semiconductor technology and metallurgy.

**

Institute of Technology, Uppsala, Sweden

Institute of Physics, Uppsala, Sweden
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300 101 103 901 1ft -E.JM.V)

Fig 1. The 0(a,d) 0 yield as a function of the energy
of the incoming a-beam. Curve a) correspond to
etched Si-surface, b) 200 Å Au film on etched Si
and c) 200 A Au and 500 Å Ge on etched Si.
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1.8 A liquid ionization chamber for radiation g,uality__measurements

(H Svensson* and G Wickman*

The relative biological effect (RBE) of neutrons used for

radiation treatment in radiotherapy is 2.5 - 3.0 times higher than

that of photons or electrons. The reason for this difference is that

the linear energy transfer (LET) of neutrons is higher than that of

photons and electrons. The ordinary way of measuring LET distributions

is through spherical proportional counters ""Rossi-chambers". A draw-

back with these chambers is that a gas-cavity may disturb the LET

distribution that is to be measured in the phantom. Furthermore, these

chambers could not be used at the high dose-rates that are used in

radiation treatments.

Another system was used by us which utilizes the dependence

of columnar recombination in a liquid on the LET of the particles. The

detector might be described as an ionization chamber in which the gas

is replaced by a thin layer of a dieletric liquid. The potential over

the liquid is varied and the current measured when the chamber is

irradiated with a constant dose-rate. The ratio between the currents

for the two given values of the potentials is an index of the columnar

recombinations and thus also a measure of LET. The aim of our experi-

ment at the van de Graaff in Studsvik and at the betatron in Umeå was

to investigate if this chamber could be used in a mixed neutron and

photon btam in a phantom to measure the relative contribution to the

absorbed dose from neutrons and photons. The van de Graaff is specially

suitable for these experiments as the neutron energy could be varied.

It is according to our present experiments possible to detect a 10 %

contamination in dose of neutrons in a photon beam. Further improve-

ments seem to be possible.

We are grateful to the staff at the van de Graaff in Studs-

vik for their help with the experiments.

The University of Umeå, Sweden
Department of Radiation Physics
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1.9 Measurement_of_res£onse_on_NE213_organic_scintillator to

(B Nordell*)

A 50 MeV racetrach microtron is being planned to be used as

a neutron generator for applications in radiotherapy. The bremsstrahlung

generated by slowing down electrons is used to produce neutrons via

the (y,n) reactions. A target material has to be selected to give

sufficient neutron production and a mean neutron energy as high as

possible. As the pulse structure of the microtron is not suitable for

time-of-flight measurement, the neutron energy spectrum shall be

measured with an organic scintillator NE213. Pulse shape discrimina-

tion is used for y-rejection. The measured response functions shall be

used in an unfolding program to calculate the neutron spectrum from

the pulse height distribution.

The response functions were measured using the reactions

T(p,n), T(d,n) and D(d,n) giving neutron energies between 0.3 - 8

MeV and 17 - 21 MeV.

Institute of Radiation Physics, Stockholm, Sweden
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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. 1 975 hours were

used by scientists, 167 hours for machine converting and 3A hours were

required for unforseen stoppages.

The distribution of the available machine time between

experiments performed by physicists from various institutes is shown

in Table 1 and between different experimental branches in Table 2.

Table 1 The distribution of the machine time between
various institutes (in per cent)

AB Atomenergi

Universities

Research Institute of National
Defence (FOA)

91.7 %

6.3 %

2 %

Table 2 The distribution of the machine time between
different experimental branches (in per cent)

Neutron physics

Material research

Irradiations

Nuclear physics

63.7 %

26.4 %

6.8 %

3.1 %

In order to test new ion sources before installation in

the Van de Graaff-accelerator a test bench has been built. It is

aimed for use both with high frequency ion sources as well as Duoplas-

matron and heavy ion sources. The equipment will be pertieniarly
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useful to determine operation parameters for optimum extraction of

heavy ion beams. It is also intended for implanation work with ion

energies up to about 30 keV.
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1.11 Neutronelastic scattering

(S Lundberg and N Olsson)

Extensive studies of the neutron elastic scattering process

have been in progress for several years. A summary of results of these

studies has recently been presented . The immediate goals of the

scattering program are to perform precision measurements on some heavy

elements, particularly lead and bismuth, in the energy range 3 to 3.5

MeV and close to 8 MeV. The observed data are to be subject to optical

model analysis in a study of the details of its potential.

References

1) T Wiedling, Symposium on Interaction of fast neutrons with nuclei,

Dresden, November 21-25, 1977.
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1.12 i2E£££°2E!l£iä°n °* actinide cross section evaluations

(B Trostell)

The laboratory is a member of a recently formed working

group for intercomparisons of actinide cross section evaluations.

Our part of the work consists of studying the (n.n)-cross
239 235 238sections of Pu, U and U from the resonant region up to 20 MeV

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

20 MeV.

238,U from threshold to

Four evaluated librarys are considered, i.e. ENDF/B, KEDAK,

LLL ENDL and UKNDL. Eventually the JENDL evaluated library, if completed,

will also be included.

The experimental data upon which the evaluations are based

as well as more recent measurements will be taken into account to get

a proper picture of the cross sections. The results will be published

in the autumn of 1978.

1.13 fission_cross_section_measurements_on_highlv a-active isotopes

(B Trostell)

A fission fragment detector is under construction for fission

cross section measurements on highly a-active isotopes.

This type of detector should meet the following requirements:

- sufficient discrimination between a-particles and fission fragments

- resistence against radiation damage

- high efficiency

- good time resolution for suppression of spontaneous fission events

in time-of-flight experiments

- intensitivity against neutrons and •yrays

A detector with the characteristics of above is a spherical

avalanche detector where two halfspherical insulated shells with different

diameters 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 good a-supression together with good
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timeresoiution can be achieved. The detector is not sensitive to

neutrons and f-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 of about

100 % only ug-amounts of sample material will be necessary thereby

reducing the cr-particle intensity.

1-14 Measurements_of t!je energy, levels and inelastic neutron scattering

— - -- rji~ ~~ ~~ ~~ ~—~—~~—
cross sections of Pr

(B Trostell)

Almén-Ramström has measured the inelastic neutron scattering
141

cross sections of Pr in this laboratory by observing the scattered

neutrons with TOF-technique. Because of the limited energy resolution

only the neutron group to the first excited state was completely re-

solved in this measurements. Higher levels had to be treated in groups

of two or more. The detector cut-off, furthermore, limited the measure-

ments to energies several hundred KeV above the reaction thresholds.

An interesting result of the experiment was that the cross

sections calculated with the Hauser-Feshbach and Moldauer formalisms

demonstrated discrepancies from the experimental ones with 30 to 50 %

for some groups of levels.

Extensive measurements have therefore been performed where the

excitation functions for the resolved energy levels have been studied

from threshold and upwards.

A pulsed proton beam from the Studsvik 6 MeV Van de Graaff-

accelerator incident upon a tritium gas target produced the neutrons,

which in steps of 0.1 MeV covered the energy range from 1.2 to 2.5 MeV.

The total energy spread of the neutrons hitting the scatterer was

± 40 KeV.

In order to resolve close lying levels a 10 % coaxial Ge(Li)-

detector with an energy resolution of 2.4 KeV was used to detect the

y-rays. The detector, placed in 125° relative to the ion beam, is

positioned in a shield composed of lead, cadmium and borloaded paraffin

and is viewing the scatterer through a narrow lead-iron collimator.

Together with TOF coincidence gating an excellent signal to background

ratio was achieved.
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Energy and absolute photopeak efficiency calibrations of the

detector were performed with absolute intensity calibrated standard y-ray

sources in the scatterer position. A directionally sensitive and

shielded standard long counter placed in 130° relative to the ion beam

viewed the target and served as a monitor of the relative neutron flux

on the scatterer. The cross sections were measured relative to the

847 KeV -y-ray production cross section of Fe. The C(n,n)-reaction was

used as a background check.

Analysis of the results is in progress.

References
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2. NEUTRON ABSORPTION AND SCATTERING

2.1 Determination of Cd in human organs

(N Ryde and W Klamra, Chalmers University of Technology, Gothenburg)

The facility for extracting monoenergetic neutron beams from

the R2 reactor, described in earlier progress reports, has been used

for investigations of a method to detect and measure the cadmium con-

tent in different human organs as kidney and liver. For this purpose

simulated organs, "phantoms" have been irradiated with the 24 keV

neutron beam from the reactor. The method is based on measurements

of the gamma rays from capture of thermal neutrons in cadmium, ob-

tained through thermolization of the 24 keV neutrons in the body. The

results of the measurements have shown that the lower limit for the

present method is 20 mg + 60 % for an exposition time of 2 min which

almost corresponds to the natural concentrations of cadmium in the

human body. By irradiating phantoms from different sides, measure-

ments have shown that a selective study of one or two organs of in-

terest should be possible.
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2.2 Neutron diffraction studies

(I Olovsson, University of Uppsala)

The neutron diffraction work carried out during 1977 has in-

volved the collection of single crystal and powder data at both room

and low-temperatures. The data collection service provided by the

Group has involved cooperation with researchers in eight different

Chemistry of Physics Departments in Sweden.

The well established international contacts with Grenoble,

Harwell, Brookhaven, Kjeller and Ris«S have been maintained.

The year's activities can be summarized as follows:

1. Continuation of the single crystal and powder data collection

program.

2. Completion of structural investigations making use of both

single crystal and powder data collected during 1976.

3. Further development of the powder diffraction equipment.

1. The following complete data sets have been collected.

Single crystal

Compound

HgSeO4-H2O

C9H9O6N

LiNO3-3H2O

NH4HC2O4.1/2H2O

FeCl3-HCl.2H20

Te(OH)6-4H20

(NH4)2TeO5-2H2O

LiHC.H,(COO)0-CH^OH

Temperature

294K

294K

190K

294K

294K

275K

294K

294K

Researcher responsible

C Stålhandske, Lund

C 0 Selenius, Uppsala

K Hermansson, Uppsala

R Tellgren, Uppsala

T Gustavsson, Uppsala

0 Lindqvist, Göteborg

G Johansson, Göteborg

Å Kvick, Uppsala
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Powder

Component

A12°3
LiTa3Og

w2c
K-(Fe-W-C)

TeO_(a-phase)

TeO3(B-phase)

VOMo04

VOMo04

LiH3(Se03)2

Temperature

29AK

294K

294K

294K

294K

294K

294K

4.2K

294K

Researcher responsible

J Thomas, Uppsala

A Nord, Stockholm

A Hårsta, Uppsala

A Hårsta, Uppsala

0 Lindqvist, Göteborg

0 Lindqvist, Göteborg

B Blom, Stockholm

B Blom, Stockholm

R Te11gren, 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:

2.2.1 Neutron diffraction_refinement_of_garaelectric_CsH^^SeO3)2

(S Chomnilpan, R Tellgren, and R Liminga)

The crystal structure of the paraelectric phase of caesium
trihydrogenselenite has been refined with a three-dimensional set
of single-crystal neutron diffraction data. The crystals are tri-
clinic, space group PI, with two formula units in a cell of di-
mensions: a=9.3474 (5), b=6.5398 (4), £-5.8498 (3) A, a-91.443 (6),
0=105.336 (6), and y=91.629 (4)°. A full-matrix least-squares refi-
nement based on F gave a final R value of 0.032. The structure con-
sists of H^SeO-, molecules and HSeO~ ions hydrogen-bonded together to
form chains by means of four different hydrogen bonds all crossing
centres of symmetry. This situation results in disordered half-occupied
H positions. A fifth disordered hydrogen bond without symmetry re-
strictions interlinks the two types of chains to form a three-dimen-
sional network. The refinement indicates that the occupancies of the
two possible H sites in this bond are 0.68 and 0.32.

A slercoscopic illustration of Ihc disordered hydrogen bond scheme. The ellipsoids are scaled 10 include 50% probability.
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2.2.2 A_neutron p_ower diffraction_study_ of the hydrogen bond

georaetry_in_a^£_(HPO/)2'H?0. _A model for the ion ex-

change

(J Albertsson, A Oskarsson, R Tellgren, and J 0 Thomas)

The hydrogen atom positions in the crystalline a phase of
Zr (HPO,) -H^O (a-ZRP) were determined by profile refinement of
powder neutron diffraction data. The structure is built up of cir-
conium phosphate layers which form cavities in which the water mole-
cules are located. The monohydrogen phosphate groups donate hydrogen
bonds to the water molecule which, in turn, donates one hydrogen bond
to a phosphate oxygen atom. The other water hydrogen atom does not
participate in hydrogen bonding. No hydrogen bonds occur between the
zirconium phosphate layers; they are held together by van der Waals
forces alone. Hydroxide ions must be added to an alkali metal halide
solution before the metal ions enter a-ZRP. From this fact, an assumed
small Donnan potential, and the location of the hydrogen atoms, a model
for the ion exchange is suggested whereby hydroxide ions create sorp-
tion sites in a-ZRP by the reaction •*• CLPOH+OH •* CLPO +H,0. This
reaction should provide enogh energy to move the zirconium phosphate
layers apart, thus allowing hydrated metal ions to be sorbed at the
phosphate groups.

v
• > > . • •

V -

• „

The cav«y formed by two adjacem layer» m «-ZRP.
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3. Significant improvements have been made during the latter half

of 1977 to the powder diffractometer. A completely new detector

system has been constructed. This uses recently developed high-

transmission gadolinium oxide coated Melinex rilms in the collimator,

and a newly-purchased helium detector tube. Preliminary tests in-

dicate an improved signal-to-noise ratio together with an overall

increase in net intensity by a factor of roughly three.
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2.3 Solid state,_ neutron spectrometry

(R Stetiman)

Measurements on phonons in off-symmetry directions in sodium

chloride have commenced. These supplement earlier measurements in

symmetry directions, to obtain a complete map of phonon dispersion which

can then be used as a more sensitive test for model calculations than

the symmetry results are by themselves.

A few further measurements have been made on phonons in lead

at the superconducting transition. They concerned a low-lying trans-

verse branch where exceptionally good resolution could be attained, and

where possible effects of the electron transition on frequencies and

line widths might well be greater than elsewhere. No direct effect of

the transition could be detecte'. The dispersion curve for this branch

was found to have marked structure, though, and Kohn anomalies were found

to have a marked temperature dependence.

Preliminary measurements were made with a "new" device for small-

angle scattering of neutrons, comprising highly perfect germanium crystals

in the parallel diffraction position, with the small-angle scattering

sample between them (it turned out that such a device was proposed in

1945 for X-rays by Fankuchen). Extremely good angular resolution is ob-

tained - in fact, this resolution is too good, and results in a low

useful intensity. Methods to overcome this intensity difficulty are

being considered.

Work on cold pressing of copper crystals to obtain a homogeneous

deformed mosaic structure such as is desirable for good intensities

from copper monochromators has been completed. An inexpensive and simple

method has been arrived at, giving good results if the initial material

is of high quality.
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2.4 Condensed matter_research withjneutron inelastic scattering

(K Sköld)

The most important project during the year is the study of the

elementary excitations in liquid Helium-3. These measurements are done at

the s atistical chopper spectrometer at Argonne National Laboratory in

collaboration with the neutron scattering group in the Solid State Science

Division at ANL. This and other projects are summarized briefly below.

2.4.1

In previous experiments (1975, 1976) we have been able to observe

for the first time the zero sound mode in liquid Helium-3 at finite value

of the wave-vector and also the spin-fluctuation spectrum (see Fig. la).

In these experiments results were obtained only for q t 0.8 Å and no

dispersion was observed in the zero sound mode, i.e. the frequency of the

mode is independent of the wave-vector. It is known, however, that the

frequency of the mode must approach zero as the wave-vector vanishes;

the behaviour in the transition region is an important theoretical matter.

In our recent measurements for q - 0.4 Å we observe dispersion in the

zero sound mode which actually approaches the Landau limit for the smallest

values of q. Our results have been used extensively by prof. D. Pines and

coworkers for comparison to theoretical results obtained from a mean field

extension of the Landau theory to finite wave-vectors. Excellent agreement

between experiment: and theory is obtained by assuming wave-vector dependent

interaction parameters (see Fig. lb).

In our recent experiments we also measured the scattering functions

at 1.2 K; previous measurements were in all cases for T< 100 tnK. At 1.2 K

we observe significant broadening of the spin-fluctuation peak while the

zero sound mode remains well defined. This result is important as it has

been speculated, that the zero sound mode is too broad to be observed

already at 0.6 K.

A full report on these measurements is in preparation.
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2.4.2 Diffusion_of H» irolecules j.n H- gas

Together with S H Chen at MIT and T Postol at ANL we have

studied the quasi-elastic scattering from H2 i'1 the gas phase. The

objective of this study was to look for collective effects in the

diffusion process as predicted by modern kinetic theory. Significant

enhancement of the diffusion coefficient over the value predicted by the

Lnskog theory was observed at high densities.

2.4.3 Other activities

Other activities during the year include participation in the

pulsed neutron source project at ANL and, in particular, the construction

and operation of a new type of inelastic spectrometer. We have also

written two book chapters on the subject of neutron quasi-elastic scat-

tering studies of Hydrogen diffusion in metals.

Invited talks have been given at the following major meetings:

1. International Symposium on Quantum Fluids and Solids, Sanibel Island,

Florida, January 24-27, 1977.

2. APS March Meeting, San Diego, California, March 21-25, 1977.

3. International School of Low Temperature Physics on Quantum Liquids,

I-rice, Sicily, June 11-25, 1977.
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3. RADIATION CHEMISTRY AND PHOTOCHEMISTRY

3.1 Radiation chemistry

(A Lund)

The radiation chemi.'try of molecular crystals, primarily hydro-

carbons in protiated or deuterated form has been investigated, especially

with regard to radiation induced mechanisms in systems of the type n-alkane-

h/n-alkane-d and n-alkane/alkyl chloride. A combination of methods like

ESR, to detect paramagnetic species, Töpler pump, to measure hydrogen

gas, mass spectrometry to measure H.rHDiD., and chemical analyses and

gas chromatography for selected products, have been employed. The

gas chromatography analysis are carried out in cooperation with

Gunnar Stenhagen, The University of Gothenburg.

Primary reactions in Rochelle salt have been examined with ESR

and pulse radiolysis in cooperation with G Nilsson and P 0 Samskog at

this laboratory.

A computer program has been prepared which calculates powder

ESR spectra of radicals with application to chloroalkyl radicals.

The results are under publication.

An analysis of the influence of zero-point energy vibrations on

magnetic hyperfine interactions in -NH-, -NH and 'N-H, has been per-

formed. A manuscript has been prepared.

Tries to study the formation of solvated electrons in crystals

of alkanes and alcohols by pulse radiolysis have failed due to problems

in getting sufficiently transparent samples. Single crystals have, how-

ever, been investigated by ESR and the radical formed has been characte-

rized. Trapped electrons could not be detected. This study has there-

fore been abandoned.

A recovery line has been installed in order to collect the helium

exhaust gas from our variable temperature 3.8 - 77 He cryostat. A glass

He cryostat and it's upholstery intended for irradiation and ESR measure-

ment at 4.2 K has been completed, but not yet tested.

An NMR Gauss-meter with automatic conversion of frequency to

magnetic field strength has been constructed.
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3.1.1 Radiation chemistry of n-alkanes

Experiments have been performed on binary mixtures of n-C^'d^/

n~C10D22 a n d o f n~C10H22^C8H16C12 *n o r d e r t o s t u dy energy transfer

reactions. The results on n~ciQH22^n~C10D22 n a v e been published in

part, see 1.1. In a second part H2,HD,D2, hydrogen total and unsatu-

rated compounds are determined at several (about ten) compositions.

The measurements are made to differentiate between some of the hypo-

theses, i.e. excitation energy transfer, selective abstraction of H-

atoms by reactive D-atoms or ionic reactions, which have been proposed

to explain the fact that C.^H.» is decomposed about 100 times as

efficient in a C 1 0D 2 2
 m a t r i x a s in pure cinH22'

Measurements on the system n-c.0H?_/CfiH.,C12 have been comple-

ted and a manuscript has been prepared, see 1.2. In this case the

hydrogen abstraction mechanism was ruled out.

In the system c10
H22/'('10D22 hydr°gen abstraction has been

proposed by Japanese workers while our results are in better agreement

with the energy transfer hypothesis.

H/D isotope effect in virradiated C-0D22

studied by mass spectrometry

(Ola Claesson, Anders Lund)

mixtures

The isotopic composition of the hydrogen gas evolved from n-

decane-d22/n-decane mixtures after yirradiation at 4.2, 77, 195 and

273 K has been measured by mass spectrometry. The fraction of H atoms

in the gas is found to be temperature dependent and at 77 K considerably

higher than the mole fraction of ClfiH22. These results have been ana-

lyzed in terms of two models, an energy transfer and a hydrogen atom

abstraction mechanism.

(Chem Phys Letters 47̂  (1977) 155).

Energy transfer as an explanation of the radiolysis products

in l,8-dichlorooctane/n-decane-h22 mixtures

(01a Claesson, Anders Lund)

We report measurements of the yields of hydrogen gas, chloride

ion, total radical and •CgiL.Cl radical in the radiolysis of the
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system 1,8-dichloroctane in n-decane-h „ at 77 K and 195 K. Two models

are discussed in an attempt to explain these results; selective ab-

straction by hydrogen and energy transfer. The latter model gives a

better fit to the experimental data.

(Submitted for publication).

Relaxation measurements in n-alkanes

(Ola Claesson, Anders Lund)

ESR microwave saturation data ha^e been taken on alkane samples

irradiated at A.2 and 77 K, in an attempt to measure differences in re-

laxation times due to an inhomogeneous distribution of radicals. The

hypothesis to be tested is that owing to energy transfer at 77 K one

has a homogeneous distribution of radicals whereas at 4.2 K energy

transfer is suppressed resulting in high local concentrations along

the tracks of the secondary electrons. These measuements are still in

progress.

3.1.2 Primary reactions in crystalline Rochelle salt studied by_ pulse

radiolysis and EPR spec'.roscopy. 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 Roc.helle salt by combining the techniques of pulse radio-

lysis and EPR spectroscopy. This primary radical gives hyperfine
13 1 23couplings due to C, H and Na and has a broad optical absorption

band with the peak at 405 nm. 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

C0? formation is 2.7 and the extinction coefficient of (I) is 900 M

cm . No effects of the ferroelectricity of the salt on e G was found.
lUclX

3.1.3 £§lculation_of_£owder_ESR_sgectra of radicals with hvger-

fiQ£_ä"ä_3!iaäruE0^ar interactions. Applications to mono-

and dichloroalkyl radicals

(A Lund, K-Å Thuomas, and J Maruani)

A FORTRAN program has been written which calculates powder ESR

spectra for a paramagnetic system with S * 1/2 described by the Spin-

Hamilton ian
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H = S B g S + {Sk I

under the assumption that the electronic Zeeman term is the dominant in-

teraction. The perturbation matrix consisting of the hyperfine, quadru-

polar and nuclear Zeeman terms of each nucleus is diagonalized. A

Gaussran or Lorentzian line width is superimposed on the calculated

stick diagram and integration over all orientations is performed by

Gaussion quadrature.

Powder spectra of mono- and dichloroalkyl radicals have been

generated using this program.

3.1.4 An analysis of the influence of zero-goint energy vibrations

on magnetic_hyperfine interactions_in ^NH», NH- and N^H,

(A Eriksson, A Lund, and K-Å Thuomas)

Quadratic force constants have been calculated for 'NH-, -NH,

and 'N2H, from ab initio Hartree-Fock wave functions, using Gaussian

expansions for the molecular orbitals. The normal vibrations of the

have been determined from a normal coordinate analysis.

All the normal modes of *NH9 and -NH_ have been considered in an
14 1analysis of the isotropic hyperfine couplings for N and H. For

•N-H, only the out-of-plane modes have been considered.
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3.2 Radiation research of the Febetron

(Gösta Nilsson)

3.2.1 Pulse radioly_sis of cry_stalline_sam£les_

(P-0 Samskog, G Nilsson, and A Lund)

We have failed in getting sufficient transparent samples of

crystalline alcohols for our study of the solvated electron in these

matrixes. The investigation was therefore abandoned. Instead a study

of primary reactions in irradiated salts of carboxylic acids, which

crystallize more easily, was initiated. In this study we combined

pulse radiolysis and EPR spectroscopy and it was then possible to

make the first direct study of the kinetics of the decarboxylation of

the acyloxy radical R-CO-.

Primary reactions in crystalline Rochelie salt studied by pulse

radiolysis and EPR spectroscopy. The decarboxylation of the acyloxy

radical ion

(Per-Olof Samskog, Gösta Nilsson, Anders Lund)

The acyloxy radical ion O-CCHODCHODCCMl) was identified in

irradiated Rochelle salt by combining the techniques of pulse radio-

lysis and EPR spectroscopy. This primary radical gives hyperfine
13 1 23couplings due to C, H and Na and has a broad optical absorption

band with the peak at 405 nm. It decomposes by decarboxylation in a

first order decay. The half life at 22°C is 55 ns and the activation
-1energy for decarboxylation is 7.5 kcal mole The G-value for the

C0? formation is 2.7 and the extinction coefficient of (I) is 900 M
-1cm . No effects of the ferroelectricity of the salt on c G was found.max

(Accepted for publication in J Chem Phys)

Primary reactions in crystalline salts of tartaric acid

(Per-Olof Samskog, Gösta Nilsson, Anders Lund)

In 1.1 we found that the unpaired electron of the acyloxy

radical ion interacted only with the sodium ion of the double salt.

Such a selective interaction has not been observed before. We expect

that the distance between the alcali ion and the oxygen atom is de-

cisive for the interaction. To study this in more detail we have

started an investigation of salts of tartaric acid where the cations
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are varied and we are particularly interested in salts where the

two ions have different spins. To date dipotassium, diammonium

and sodium-ammonium tartrate have been investigated and potassium-

tallium and potassium- Li are in progress.

3.2.2 Pulse radiolysis of liquids

The reactions of cations in liquid hydrocarbons

(J Bös, G Nilsson, T Reitberger, P-0 Samskog)

The solvated electron in liquid hydrocarbons has been care-

fully investigated whereas very few investigations have been made of

the corresponding positive ion. Initially the cations of alkanes

were observed optically in organic glasses at 77 K whereas until two

years ago only indirect evidens existed for their existence in

liquid hydrocarbons. The reason for this was that charge recombi-

nation was completed before the detection could be made. By using

pulse radiolysis with high time resolution a research group in Ottawa

and one in Leipzig have, however, recently made direct observations

of cations in liquid alkanes. Due to the program for scientific

exchange organized by IVA it was possible for us to start cooperation

with the group in Leipzig in such a way that Dr T Reitberger visited

Leipzig for one month and Dr J Bös stayed for the same time in Studsvik.

We have studied a number of alkanes, in Studsvik mainly isooctan,

from ambient temperature to -90 C with and without electron scavengers.

We have observed radical cations and a new absorption band at 480 run.

The new band appear at high concentrations of electron scavengers (x)

and is ascribed to an "ixciplex" |RH X | which decays by first

order kinetics.

3.2.3 The mobility and lifetime of electrons in aluminium oxide

(G Nilsson)

The photoconductivity of A12O-, which is specified as the

first wall insulator of the theta-pinch fusion reactor (RTPR), is al-

most entirely due to electrons. For the fusion technology it is

therefore of value to know the lifetime T and mobility u of electrons

in aluminium oxide. This knowledge would also provide the dosimetry

research with valuable data since the most promising thermocurrent

dosimeters are made from AljO-.



To measure u and T a good time resolution is needed

and the electron-hole pairs were therefore excited in the samples

by x-ray pulses from our Febetron 708. The samples were discs of

ultra-high purity sapphire obtained from three different manu-

facturers. To obtain the carrier mobility and lifetime the photo-

current through the discs was measured over a 25 ohm resistance at

different field strength when the samples were irradiated in a

temperature-controlled vacuum chamber. In order to test the

equipment we started by measuring the electron lifetime in discs

of fused quartz (Suprasil) and we obtained the same half life

(-6 ns) as found by R C Hughes (Rad Effects 26, 225 (1975)). None

of the three qualities of sapphire did, however, show a slow decay

of the voltage pulse. Instead the signal had the same shape and

the same half width (~3 n) as the X-ray pulse and we could show

that the signal was not an artifact but originated from charge

carriers generated in the sample. The life-time of electrons in

sapphire of the qualities used is therefore less than 3 ns.
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3.3 Photochemistry

(T Gillbro)

The experimental work described here was done at ETH, ZUrich

in the laboratories of professor Urs P Wild and docent Richard Cherry.

It has involved luminescence and optical absorption spectroscopy at

low temperatures and laser flash photolysis at ambient temperatures.

Most of the work was done on the retinal containing bactericrhodopsin

molecule, which is found in the purple membrane of Halobacterium

halobium, in collaboration with Dr Arnd Kriebel.

Bacteriorhodopsin has attracted a lot of attention mainly

because of it's ability to convert light energy into an electro-

chemical potential over the purple membrane. This is done by pumping

protons from the inner to the outer side of the membrane. The mo-

lecular mechanism behind the proton pump is on the whole unknown.

There are two forms of bacteriorhodopsin, namely a dark

adapted form with an optical absorption with X = 560 nm and a

light adapted form with X = 570 nm at room temperature.

The chromophore in light adapted bacteriorhodopsin, which is the form

studied here, consists of all-trans-retinal bound to the opsin through

a Schiff base linkage. The main purpose of our work has been to

follow and interpret the optical changes of light adapted bacterior-

hodopsin (BR) as it transforms in the light induced reaction cycle.

3.3.1 Intermediates in the ghotocycle of BR

We have used two different techniques to study the inter-

mediates of BR. Low temperature optical absorption spectroscopy and

laser flash photolysis at ambient temperatures. Using the first

technique it was possible to observe the transformation of BR into

the first intermediate (K-BR) by illuminating the purple membrane

suspension with green light (A ~ 530 nm) at 77 K. If the sample so

obtained with X = 590 nm is illuminated with red light (X rx. 650 nm)

K-BR transforms back to BR again. The first step in the photocycle

is thus a revisible photoreaction. When a sample containing K-BR

is heated to 170K K-BR starts to decay into the next form in the photo-

cycle. This form has an absorption maximum at 550 nm and is called

L-BR. By cooling the sample back to 77 K and illuminate it with green

light L-BR transforms back into K-BR. L-BR is thermally unstable

at ca 200 K and transforms into M-BR, which at 77 K has a structured



absorption spectrum with four maxima at 444, 419, 397 and 375 nm.

M-BR is bleachable with blue light (A ^ 450 nm), however, it only

partly goes back into L-BR. The rest of M-BR forms M-BR, which

has a similar absorption spectrum as M-BR but is thermally more un-

stable. The decay of M-BR cannot be followed in detail in these

steady state experiments but other experiments show that another

intermediate, 0-BR might be formed between M-BR and BR. 0-BR

absorbs to the red of BR with X a. 630 nm.
max

3.3.2 Kinetics of the photocycle

Using laser flash photolysis (dye laser operated at 540 nm)

it was possible to follow the kinetics of the formation and decay of

several intermediates of the photocycle at ambient temperatures.

K-BR is formed within 6 ps and decays into L-BR with T ~ 2 ps at

room temperatures. Since the time resolution of our equipment was

only 4 vis the kinetics of K-BR could not be studied. The decay of

L-BR into M-BR was found to follow a first order rate equation with

Efl = 10.7 + 0.5 kcal/raol. The half life T at 21°C for instance is

57 vs. The decay of M-BR is also first order with E = 13.1 ± 0.5
a

kcal/mol and i = 3.1 ms at 23.5 C. The recovery of BR is somewhat

slower than the decay of M-BR and it doesn't follow a first order

kinetics. The 0-form is virtually formed with t. ,. = 0.8 ms at room

temperature and decays somewhat slower than M-BR, i.e. roughly as

the build-up of BR. On analyzing the O-BR transient carefully at

680 nm it turned out that its kinetics could be explained by the
km k0

consecutive reaction M-BR -*• O-BR > BR if k > k . With this
o m

reaction scheme an explanation for the temperature dependent O-BR

concentration, i.e. more O-BR at higher temperatures, is also pro-

vided, since the activation energy for the reaction P-BR -• BR is only

3.6 ±1.0 kcal/mol. A comparison with the change in proton concen-

tration of an irradiated suspension of purple membrane shows that

protons are probably released by the membrane during the M-BR -*• O-BR

reaction and taken up again by the membrane in the next step.

3.3.3 £mission_from bacteriorhodopsin

Previously luminescence has been claimed from BR at 77 K and

at 300 K. When we studied this emission from a sample at 77 K we

found, however, that the strong emission at 670 nm has an excitation

spectrum with a maximum around 597 nm, which is about 20 nm to the
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red of the ER absorption maximum. Furthermore we found that the

emission increased in intensity if the sample was irradiated with

light from a Rhodamin 6B dye laser before the luminescence was

measured. An increase with a factor of 170 in emission intensity

was observed. Since the emission has to come from a primary photo-

product of BR, K-BR is one obvious candidate. There are, however,

at least two experimental findings that disqualify K-BR. First, its

absorption spectrum extends too far to the red as compared to exci-

tation spectrum of the emitting product (P-BR). Second, P-BR

sarts to decay already at 85 K with a first order reaction kinetics,

whila K-BR is stable even at 150 K.

As mentioned above the decay of P-BR can be followed at

T > 85 K by recording the decay of the emission intensity as a

function of time. 3y measuring the decay constant at different

temperatures the activation energy of the reaction P-BR "*BR

was calculated to be 2.2 kcal/mole. This is a rather small activation

energy and probably corresponds to a rotation around a single bond

in the all-trans-retinal chromophore.

No luminescence was observed from K-BR or L-BR. This means

that these species undergoes fast radiationless relaxation in the

excited state as might be expected from the efficient photolytical

conversation of K-BR into 3R and L-BR into K-BR as described above.

If BR is emitting light this can not be observed at 77 K,

since it must be hidden under the strong emission from P-BR.

Therefore we decided to study the emission at room temperature,

where the number of photoproducts in the sample is supposed to be

minimal. We also detected a very weak emission (ca 50 counts/s)

with an excitation spectrum close to the absorption spectrum of BR

and with an emissive maximum at 710 ± 5 ntn. Although the excitation

spectrum is close to BR we can not exclude that also this emission

comes from P-BR since its absorption might be temperature dependent

as that of other retinal isomers.

The M-BR emission was investigated in a sample that had been

cooled down to 77 K during strong illumination with X > 500 nm. With

excitation light at 420 nm an emission with maxima at 500, 530 and

560 nm was obtained. The excitation spectra with emission wavelength

at 500, 530 and 560 nm respectively were almost identical and showed

the same structure as the absorption spectrum of M-BR, i.e.



with peaks at 444, 419 and 397 nm. These experimental results are

unequivocal and the emission with its maximum intensity at 530 nm

originates in the M-BR intermediate.
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RADIATION DAMAGE

(B Holmqvist)
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4.1 Introduction

The Neutron Physics Laboratory at Studsvik was transferred to

The Studsvik Science Research Laboratory on July 1, 1977. Previous

activities have been concentrated on studies of radiation damage in

metals and alloys of technical importance. Thus neutron induced void

swelling has been simulated by using a technique where damage effects

have been induced by heavy ion bombardment. The ions are produced by

using a 6 MeV CN Van de Graff accelerator supplied with a sputtering

ion source, capable of. delivering yA currents of almost all elements

up to bismuth. The irradiations of specimens are carried cut under clean

vacuum conditions in a rocking target arrangement. The samples can be

heated on a heater to any desired temperature up to about 800°c. In

this kind of experiment it is of the utmost importance to irradiate

specimens with a uniform current density. This is done by using either

a defocused beam or a ringlens defocusing system. The quality of the ion

beam can easily be checked with beam scanning equipment. The irradiated

samples are analysed with respect to void density and size by using

conventional electron microscopy. On the basis of these data the radia-

tion-induced swelling is determined.

Damage effects in metals are also studied with a positron

annihilation technique. This method is complementary to electron

microscopy because its detection sensitivity for small defects in

materials is very high and it is not destructive, so that it is possible

to follow effects that are dependent on temperature and irradiation dose

in the same specimen.

4.2 Influence of thermomechanical treatments and nickel content

on the swelling groperties of a stainless steel

(U Engman and B Holmqvist)

This work is a continuation of a study where the irradiation

induced void swelling properties were investigated for a stainless

steel, Sandvik 12R72HV, exposed to different thermomechanical treatments.

Protons were used to simulate neutron induced radiation damage in this

steel under various conditions. Preliminary results from a more
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compherensive swelling study of 12R72HV have given indications of a

second void swelling peak, an effect which may be due to hydrogen

atoms induced during the irradiation. Furthermore it has been shown

on empirical grounds that the total defect production per displacement
2)

is the same for neutrons and nickel ions • It is therefore of interest

to investigate the void swelling properties of 12R72HV by means of

nickel ion bombardment. It is also of interest to study the effect on

the swelling properties of 12R72HV of an increase in its nickel content.

Sandvik Ltd. has developed a steel, 12XRN72, which contains 25 per cent

nickel compared to 15 per cent in 12R72HV.

In the present experiment specimens of 12R72HV and 12XRN72,

in the same thermomechanical condition, were clamped on to the target

heater and irradiated simultaneously. Thus all irradiation parameters

were fixed. Prior to irradiation with nickel ions, the specimens were

injected with helium ions to a concentration of 17 appm in order to simu-

late (n,a) reactions. The specimens were then irradiated with nickel

ions to a damage dose of 5 dpa homogeneously distributed between 400 nm

and 800 nm below the target surface. This was accomplished by using

the rocking target technique during both helium and nickel ion bombard-

ment. The irradiated specimeus are being analysed at present.

4,3 St"dies_of_the_void swelling_groperties in aluminium bj? means

of a stainless steel

(U Engman and B Holmqvist)

Experiments have been performed to simulate the effects of

neutron induced swelling in pure aluminium which could be used as a

construction material for an electric coil system in a fusion reactor

of the Spherator type. Specimens of high purity aluminium have been pre-

injected with a dose of 200 appm of helium in order to simulate (n,a)

reactions and then irradiated to a dose of 5 dpa with aluminium ions.

Using a rocking target technique a homogeneous irradiation damage was

obtained between 1.4 pm to 2.5 pm. A method has been developed to

remove the 1.4 um layer of the target surface with high precision by

means of anodic oxidation in a solution of ammonium citrate. The

anodic film is stripped off the aluminium specimens by immersion in a

hot aqueous solution of chromium trioxide and orthophosphoric acid.

By successive thinning of the specimen to the depth desired and



weighing, it has been shown that the 1.4 um layer could be removed

with an accuracy of about 10 per cent. The specimens arc then back

thinned to perforation to produce a thin foil for electron microscopy.

The result of ^ preliminary analysis of an aluminium specimen irra-

diated at. 140 C is given in Fig. 1. The truncated octahedrons shown on

the micrograph represent the voids in the bulk material. The swelling

has been determined to be about 1 per cent. Data taken at other tempe-

ratures are now being analysed.

Fig. 1
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4.4 Studies of annealing of deformation effects in aluminium

with a positron annihilation technique

(U Engman, B Holmqvist, and B Jonsson)

It is well known that the positron annihilation technique provides

a powerful method for studying lattice defects in metals. The aim of the

present experiment was to use this technique to investigate the an-

nealing of deformation effects in pure aluminium. The experimental

method is based on the observation of the lifetime of positrons in

the sample as a function of the temperature,thus observing the transi-

tion from the deformed state to the annealed state. Deformation of the

aluminium samples (99.999 per cent pure) was introduced by reduction of

the thickness by about 90 per cent by cold rolling. The samples for

the lifetime measurements consisted of two electrolytically polished

discs (diameter 22 mm and thickness 1 mm) of aluminium with a 50 uCi
22 22
Na source plact_d between the discs in a sandwich geometry. The Na

22
source was made by evaporating a solution of NaCl on a 2.5 ym thick

foil of nickel which was then wrapped to form a sealed envelope. The

positron lifetime in the aluminium samples was observed with a con-

ventional fast-slow coincidence spectrometer. It consists of two fast

photomultipliars, RCA 8850, in optical contact with NElll plastic

scintillators (25 mm diameter and 13 mm thickness). The time resolution

of the intrument is 245 ps, (FWHM) measured with a Co source.

Annealing of deformation effects was studied in steps of about

10°C in t^e temperature region 20°C to 200°C and at a few points between

200 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 graphically in

order to see the general trend of the annealing process. The results

are given in Fig. 2,which shows that there is a sharp decrease of the life-

time from 210 ps to 167 ps between 100°C and 150°C. Above 150°C there

is no further change of the lifetime, which indicates that the deformation

effects introduced by cold rolling have been annealed out. It is

suggested that the decrease of the lifetime between 100 C and 150 C can

be due to recrystallization. The annihilation data should therefore

also be correlated with observations in a metal microscope. The life-

time value of 167 ps observed above 150 C is in good agreement with the

valve of 166 ± 2ps determined by Cotterill et al . Further studies will be



performed with aluminium samples subjected to smaller thickness

reductions. The data wiLl also be analyzed in terms of more than ene
2)

lifetime component using Kldrup and Kirkegaarc's computer code .
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5. RADIOACTIVITY

5.1 Nuclear_spectroscop^

(B Fogelberg, H Tovedal, and P Hoff)

The nuclear spectroscopic studies at the OSIRIS facility are

at present conducted along two different paths. One consists of

systematic studies of neutron rich isotopes of Cd, In and Sn and the

other of investigations of nuclei emitting delayed neutrons. These

latter studies can also be divided into two groups, one being a study
87

of the Y~ray decay of the high lying neutron unbound states in Kr
137

and Xe, and the other is an investigation of statistical aspects

of delayed neutron emission, conducted by P Hoff. A brief summary of

the present status of each project is given below.

5.1,1 Studies of the odd-mass isotopes of Cd

This work is an extension to Cd and Cd of the previously

published study of * Cd. Only little progress have been made

during the year since the studies of the Sn isotopes (see below) have

been given higher priority. A measurement of level half-lives in
113

Cd has to be performed before the work is completed.

5.1.2 Stuaies of the heavy_ even mass isotopes of Sn

(Work performed in collaboration with P Carle, Research Institute for

Physics, Stockholm)

The decays oi: the even mass isotopes of In have been investi-

gated. Two or three isomers of In were observed in each isotope up

to A = 128. Thi; experimental part of this comprehensive study is now

essentially completed. Energy level schemes, based on YY~coincidence
. k , , 122,124,126,128,,

measurements, have been constructed for Sn. Measure-

ments of level half-lives in the ns and ps regions have permitted

determinations of transition probabilities from low lying negative

parity states (table I).

It has been possible to identify a number of levels in the Sn

nuclei as relatively pure two-quasiparticle excitations involving

particles in the s. ,., d~,,,, %-. ,„ and h.. ,„ orbitals, by comparing

energy level systematics in the even and odd mass isotopes of Sn,

see e.g. fig. 1.
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5.1.3 Studies of delated neutron_emitters

Last year we reported on the measurement of the neutron binding
137energy of the neutron emitter Xe. Knowledge of this quantity is

necessary in order to make meaningful comparisons between y~ray decay

schemes of the unbound levels in Xe, and the delayed neutron spectrum

following the decay of I. During this year, much effort have been

put into the construction of a y~ray decay scheme for transitions in

Xe following the decay of I. A total of 57 levels have been

firmly established, through extensive yy-coincidence measurements. One

of these levels is situated at the neutron binding energy (withii 0.5

keV) and 18 more y-decaying levels were found up to some 800 keV above

the binding energy. The relatively low density of strongly populated

levels at high excitation energies, suggests that an interpretation

of the I delayed neutron spectrum in terms of a discrete line struc-

ture is possible. At present, we are undertaking a detailed comparison

between our results and the published data on the delayed neutron

spectrum.

5.1.4 Studies of statistical properties of nuclei involved_in_delay_ed

neutron emission

The delayed neutron emission from high-lying, unbound nuclear

states, fed in the B-decay of a delayed neutron precursor, may lead

to the population of the ground state or excited states in the final
85nuclei. Recent investigations of the delayed neutron precursors As

and Sb ' 'have shown that the population of the ground state of
Q/ 11/

Se and Te is much weaker than expected from statistical model cal-

culations, and this has been interpreted as a proof for selectivity

in the g-decay, due to the presence of specific shell model configu-
rations within the region of interest3)

The present study, at the OSIRIS facility, is mainly aiming

at determinations of the neutron population of levels in nuclei

following the decay of Br and I isotopes. The population of excited

states in the final nuclei via delayed neutrons is obtained directly

fom the relative intensity of the y-lines deexciting the states of

interest, if the ratio between the neutron intensity and the intensity

of the strongest y-line is known.

138 88The investigation of the precursors I and Br io completed.

In both cases the experimental values agree well with values pre-

dicted from statistical model calculations. No selectivity assumptions
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138
are needed in order to explain the experimental results. For I

the experimental data were also used to construct a detailed decay

scheme (fig. 2).

The Y-ray spectra of Ga, ' Rb and Cs have also been

investigated, searching for transitions in the final nuclei. Such
93 94 145

transitions are observed in the spectra of ' Rb and Cs, but

not in the spectrum of Ga. Additional information on the y/n-ratios

is needed before this work is completed.

145
Preliminary decay schemes have been constructed for Cs

80,
and Ga. Concerning the latter, indications of two isomers with

approximately similar half-life are found.

QQ -i OJ)

Reports on the precursors Br and I will be published in

the near future.

Theoretical calculations of delayed neutron properties

(Work performed in collaboration with 0 K Gjötterud and A C Pappas, Oslo)

Reports on mean-value and Monte-Carlo calculations of delayed

neutron properties, performed earlier at the University of Oslo, have

been written.
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Table 1

Hindrance factors relative the Weisskopf estimates for some tran-

sitions in even mass isotopes of Sn

Transition: E2 7 E3 5 El 5

1 1 8Sn a )

1 2 0Sn a )

122Sn

124Sn

126Sn

128Sn

15.9

263

90+22

9.4+1.5

3.6+0.8

-

1.

0.

1.

0.77

0.65

06±0.

73±0.

8 ±0.

0.1

17

17

4

1.86 • 104

1.78 • 104

(3.8±0.5)-104

(2.4+0.6M0 6

(6.5±Q.4)-1Q4

(6.3±0.6)-104

a) These values are derived from Nuclear Data Sheets 17, Nr 1, 1976.
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Figure captions

Fig. 1. A comparison of the energy systematics of some levels in

even Sn nuclei with empirical single quasiparticle energies

in odd isotopes of Sn. All energies are shown relative the

(h. .,„, s.. ;2)c~ level for even isotopes and relative the sum

of the energies of the h.. ,- and s, /« levels for the odd

isotopes. The well known low lying (hii/2> ^ Q / 2 ^ 7 ~ t w o <luasi

particle state is seen to follow closely the trend given by

the sum of the corresponding single quasiparticle energies

(dashed line, bottom). This lends support to the interpre-

tation of a higher lying negative parity state as being a

member of the (h-. ,_, g7/?) two quasiparticle multiplett

(top of figure). Further support for this interpretation is

given by the ^"transition probabilities- One may note that
129

the observed splitting of the g7;9 level in S
1

Sn seems to be re-
128

produced in the two quasiparticle state in Sn.

1 o -1 1 TO

Fig. 2. Levels and transitions in Xe and Xe as observed in

the decay of I. The transition in Xe follows neutron
1 3ft

emission from Xe. Observed coincidence relations are in-

dicated with dots.

. i
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5.2 Nuclear chemistry

(K Aleklett, P Hoff, L Jacobsson, B Johansson, 0 Johansson,

E Lund, and G Rudstam)

5.2.1 Introduction

The scientific programme of the group has been essentially directed

to the study of short-lived fission products obtained using the OSIRIS

isotope-separator-on-line equipment. One important project has been to

measure total beta decay energies of these nuclides. Another large project

has been initiated - the measurement of delayed-neutron branching ratios.

A project of more applied nature is the determination of average

beta energies of individual fission products. The aim is here to provide

data for a calculation of the beta part of the residual heat in nuclear

fuel by the summing method.

5.2.2 TheJ)SIRlS facility

The isotope separator has been used regularly throughout the year

with a total running time of 616 hours with the usual type of integrated

target ion source arrangement. The construction of a new source is being

undertaken in collaboration with M af Ugglas, AFI. Certain parts have

been tested, but it will probably take a long time before this source is

operative. The aim is to be able to work at higher temperatures inside

the source in order to decrease the release time of the various fission

elements from the target material.

5.2.3 Chemical separation technique

A chemical separation sometimes has to be used in connection with

mass separation in order to uniquely identify the isobars in a mass chain

or to prepare sources suitable for gamma ray spectroscopy in cases where

other isobars disturb the measurement. A method well suited for inclusion

in the system is thermochromatography because it can work in the vacuum

system of the isotope separator. A new separation apparatus based on this

principle was built last year. It has been tested and it works, but the

transmission seems to be too low to make it really useful. In order to

solve this problem a system is being built with the intention to measure

the transmission in all parts of the system by means of absolutely cali-

brated counters placed at catchers which can be made to intercept an ion
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beam in order to collect a particular nuclide. Such counting stations

are to be placed inside the collector chamber of the isotope separator,

close to the entrance of the chemical separation apparatus after the

beam has passed a long beam tube, and at the final sample position in

the apparatus. With this arrangement at hand it should be easy to find

out where the losses of activity occur and to improve units which do

not work properly.

5.2.4 Total beta_decay_ energies

A summary of experimental Q -values and deduced atomic mass ex-
P

cesses were given in the progress report of 1976. Most of the results have

now been published, namely those for the nuclides Zn, Ga,
79,8O_ , 80,81,83. , , IK f „. ,•. 128,130,131,134c,Ge, and As (ref. ),for the nuclides Sb,

' Te (ref. ), and finally, for the doubly closed shell nuclide Sn
137 3)

and its daughter "So (ref. ). In the case of the element indium a new

series of experiments have been carried out to complement earlier measure-

ments. A report containing the new data has been prepared for publication
4)

(ref. ). This includes decay energies for ground states and isomeric
, 120-129Tf In.

The experimental results induced in these reports are listed in

, 120-129Tstates of In.

Table 1.

The total decay energies and their implications are also discussed

in two thesises publicly defended during 1977 >,refs. and ).

An example of results obtained at OSIRIS is given in Fig. 1 where

the separation energy of two neutrons has been plotted versus neutron

number for isotopes of both Light and heavy fission elements. The OSIRIS

results are denoted by triangles or squares. For some elements, notably

indium, the systematic^ has been considerably extended.

5.2.5 Delated neutrons

During 1977 two articles based on earlier work have been prepared

and published. These contain spectra of Ga, ' Rb, and ' In

(ref.7>), and spectra of 88'9°Br, 1 3 8' 1 4°I, 142(Xe,Cs), and 144Cs

(ref.8>).

The description of delayed-neutron spectra in terms of a fine-

structure component and a few continuous components corresponding to

different neutron wave numbers was reported last year. The aim is to faci-

litate the calculation of gross properties of interest to nuclear techno-

logy. The earlier report has now been revised and has been widely distri-
9)

buted by IAEA (ref. ). A shortened version, which does not contain

figures of the spectra of all the precursors included in the analysis, has

hppn publi'«hprl (rof ^
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Table 1

Summary of the experiment Q, -values and deduced atomic mass excesses

Nuclide

75
Zn

76Zn

77Zn

78
Zn

76Ga

77Ga

78Ga

79,
Ga

79
Ge

79,
Ge

80
Ge

80
As

81As

83
As

85
Br

86Br

87Br

120
In

120
In

121
In

122
In

122
In

123In

123
In

124
In

124
In

Half-life

(s)

Qo-value
p
(MeV)

Mass excess

(MeV)

Comment

10.1

5.7

1.4

1.6

27.6

13.2

5.09

2.9

40

18.5

29.5

15.2

34

13.3

2.87 min

55.7

55.5

3.08

44.4

23.1

1.5

9.2

5.98

47.8

3.2

2.4

5.62 + 0.20

3.98 ± 0.12

6.91 ± 0.22

6.01 i 0.18

6.77 ± 0.15

5.34 ± 0.06

8.14 ± 0.16

6.77 ± 0.08

*•« -S:S!
2.64 ± 0.07

5.37 ± 0.12

3.76 ± 0.08

5.46 ± 0.22

2.87O± 0.019

7.61 + 0.06

6.84 ± 0.12

5.30 ± 0.17

5.34 ± 0.17

3.41 + 0.05

6.51 ± 0.23

6.59 ± 0.18

4.44 + 0.06

4.69 ± 0.21

7.18 ± 0.05

7.37 + 0.21

-62.94 ± 0.28

-62.46 + 0.19

-58.96 ± 0.23

-57.63 ± 0.25

-66.44 ± 0.15

-65.87 ± 0.06

-63.64 ± 0.16

W> ftfi + 0 ' 2 1
- 6 2 . 8 6 _ o u

M M + 0 ' 1 9

" 6 9 * 6 3 -0.09
-69.75± 0.15

-72.39± 0.13

-72.63 ± 0.08

-69.98 ± 0.22

-78.60 ± 0.02

-75.65 + 0.06

-73.87 i 0.12

-85.67 + 0.29

-85.80 + 0.20

-85.79 + 0.05

-83.44 ± 0.23

-83.36 ± 0.19

-83.38 + 0.06

-83.13 + 0.21

-81.06 ± 0.05

-79.87 ± 0.21

Equality sign is
valid if the mea-
sured 3-group
feeds the ground
state

low spin isomer

high spin isomer

ground state

low spin isomer

high spin isomer

ground state

isomeric state

low spin isomer

high spin isomer
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Nuclide

125TIn

125-
In

126TIn

126TIn

127TIn

127TIn

128-
In

128TIn

129TIn

129TTn

127Sn

127Sn

128Sn

129Sn

130Sn

130Sn

131Sn

132Sn

128Sb

130Sb

1313b

132Sb

134Sb

134Te

135Te

Half-life

(s)

2.33

12.2

2.1

1.55

1.3

3.7

6.5

0.95

0.9

1.2

4.13

2.2

59

2.23

3.8

1.7

55.4

40

10.0

6.5

23

2.8

10.7

41.8

19.2

min

h

min

min

min

min

min

min

min

min

min

Q,-value
p
(MeV)

5.48 ± 0.08

5.66 ± 0.12

8.21 ± 0.08

8.06 + 0.17

6.49 ± 0.07

6.65 ± 0.18

9.31 + 0.16

9.39 ± 0.22

7.60 ± 0.12

7.8 + 0.6

3.206± 0.024

3.201+ 0.024

l-29 -o.'ot
3.99 + 0.12

2.19 ± 0.03

4.00 + 0.31

4.59 ± 0.20

3.08 ± 0.04

4.39 + 0' 0 4

-0.C6

5.02 ± 0.10

3.19 i 0.07

5.53 t 0.07

8.24 ± 0.24

1.56 ± 0.09

5.95 ± 0.24

Mass excess

(MeV)

-80.42 ± 0.08

-80.24 ± 0.12

-77.81 ± 0.08

-77.96 ± 0.17

-77.02 + 0.07

-76.84 + 0.18

-74.00 ± 0.17

-73.92 + 0.23

-73.03 t 0.17

-72.8 ± 0.6

-83.50 + 0.25

-83.503± 0.025

-83.31 + 0.06

-80.64 ± 0.12

-80.14 ± 0.09

-78.33 + 0.32a)

-77.42 ± 0.22

-76.59 + 0.08

-84.60 t 0.04

-82.33 ± 0.08

-82.01 ± 0.09

-79.67 ± 0.07

-74.17 ± 0.26

-82.41 ± 0.11

-77.85 ± 0.24

Comment

ground state

isomeric state

low spin isomer

high spin isomer

ground state

isomeric state

low spin isomer

high spin isomer

ground state

isomeric state

isomeric state

ground state

ground state

7 isomeric state

doubly closed

a) Based on the mass excess of 6.5 min Sb
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Fig. 1 Separation energies of neutron pairs, S 2 , plotted versus

neutron number for isotopes of the elements indicated in

the figure. The new OSIRIS results are denoted by triangles

or squares whereas earlier known data are denoted by circles.
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Aa extensive project, lias started in which the branching ratio of

all delayed-neutron precursors produced at OSIRIS will be determined.

Both the neutron and the beta activity will be measured yielding a direct

determination of the branching ratio. The samples are positioned inside

a neutron counter containing 29 He-tubes and viewed by a plastic beta

detector. Both neutrons and beta particles are measured from the same

sample. A number of precursors have already been measured, but the ana-

lyses of the measurements are not yet finished, and no final results can
87—91

be given at this point. The list of cases studied includes: Br,
127T 136_ 137-141T , 141.,

In, Te, I, and Cs.

In an experiment such as the branching ratio measurement the ab-

solute calibration of the detectors is of gre-i importance. The response

of the beta counter has been determined versus the average beta energy

with a relative accuracy of 2 - 3 L The neutron counter has, so far, on-

ly been calibrated using an americium-lithium source of known strength.

The possibility that the response of the counter is energy-dependent can-

not be excluded. This will be studied by means of monoenergetic neutrons

obtained at a Van de Graaff-accelerator.

A report on the status of delayed neutron data has been given at

the Second Advisory Group Meeting on Fission Product Nuclear Data in

Petten Netherlands, 5 - 9 September 1977 (rel

published in the proceedings of the meeting.

Petten Netherlands, 5 - 9 September 1977 (ref. ^ ) . It will later be

5.2.6 Average beta energies

The project aiming at measuring the average beta energy of indi-

vidual fission products has progressed with the analysis of earlier mea-

surements and with a number of new experiments. The analysis is not yet

in its final state. It is necessary to know the efficiency and the

response functions of the beta spectrometer very well in order to be

able to convert the measured pulse spectrum into an electron spectrum from

which the average beta energy is deduced. These functions have been care-

fully studied, but there may still be a systematic uncertainty in the

efficiency values at high electron energies. Such an error will cause

all results to be either systematically too low or too high. This un-

certainty will be sorted out by comparisons with measurements done at a

large electromagnetic beta spectrometer which has now been attached to

OSIRIS.
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Paying attention to this possible systematic error the average

beta energies of the cases analyzed so far are given in Table 2. The

average beta energies resulting from a study of beta strength functions
12)at this laboratory (ref. ) are included for comparison.

A preliminary study of the corresponding average gamma-ray

energies has been undertaken.



70

Table 2

Experimentally determined average beta energies

(preliminary data)

Nuclide Half-life < E *y

(s) (MeV)

Error
Statistical Systematic
(MeV) (MeV)

E >from

12>ref.

86Br

87Br

88Br

89
Br

91
Kr

92
Kr

93
Kr

91Rb

92
Rb

93Rb

94Rb

93Sr

95Sr

94

96

55.7

55.6

16.0

4.38

37.2

1.85

1.29

58.2

4.50

5.85

2.76

446

76.1

26.8

1120

612

6.0

1.931

1.936

1.21

1.64

2.33

1.54

2.68

2.71

1.37

3.47

2.60

2.52

0.91

0.92

1.93

1.79

1.53

2.84

0.017

0.017

0.02

0.02

0.07

0.02

0.47

0.17

0.02

0.15

0.03

0.03

0.02

0.02

0.02

0.03

0.02

0.07

0.107

0.107

0.05

0.07

0.10

0.06

0.16

0.13

0.06

0.18

0.14

0.13

0.01

0.01

0.09

0.06

0.06

0.14

2.22

1.87

2.63

2.63

1.74

2.47

1.57

3.22

2.50

2.96
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Nuclide Half-life

(s) (MeV)

Error <^
Statistical Systematic

(MeV) (MeV) ref.
rom
12)

136,

136,

137,

137Xe

138,

139,

139Xe

139Cs

140Xe

140.Cs

141Xe

141Cs

142Xe

142
Cs

46

83

24

230

6.3

2.3

39.7

558

13.5

64

1.79

24.7

1.24

1.68

2.18

1.97

2.26

1.74

2.28

2.02

1.73

1.74

1.53

1.90

1.97

1.69

2.57

2.50

0.09

0.04

0.04

0.01

0.03

0.25

0.02

0.01

0.02

0.01

0.08

0.02

1.61

0.99

0.07

0.07

0.11

0.03

0.13

0.15

0.05

0.04

0.04

0.07

0.07

0.06

0.16

0.18

2.36

2.25

1.72

-

2.21

1.53

1.73

1.26

1.99

2.19

1.02

-

2.51
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235
5.3 Measurement of decay_ energy released 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 critical parameter for design of emergency core

cooling systems in reactors. During 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 energy

of y- and g-radiation from fission products is dominating.

Measurements have been performed at the Neutron Physics

Laboratory at Studsvik, with the aim of studying the energy distri-

bution and the total energy of y- and B-radiation emitted 10 - 1500 s
235

after thermal fission of U. Data for the gamma measurement has been

reported [l].

Neutron source and sample preparation

235
Thermal neutrons for inducing fissions in U by irradiation are

produced by means of a 6 MeV van de Graaff accelerator, which can

deliver proton beams with currents up to 100 uA. Fast neutrons pro-
9 9

duced in the Be(p,n) B-reaction are thermalized using a cubic-shaped
8 2

moderator of paraffin. The neutron flux available is about 10 n/(s.cm ).

The uranium samples are 10 mm in diameter and the thickness is
2 235 2

A mg/cm . They are enriched to 99.3 % U and capsuled with 4 mg/cm

of titan to ensure that no fragments are lost. The disks are enclosed

in cylinders of polyethylene and transported by a pneumatic system to

the position for irradiation and measurements, respectively.

Determination of the number of fissions

The number of fissions in the sample is determined by two in-

dependent methods. One is based on an absolutely calibrated fission

chamber and the second on the measurement of the y~ray intensity from

fission fragments with known yield.
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235,
The fission chamber consists of 116 yg of U. Due to its

small volume (1 cm in length and 0.3 cm in diameter) the fission

chamber can measure the mean neutron flux at the position of the sample.

The second method for determination of the number of fissions

utilizes a high resolution Ge(Li)-detector. The y-ray intensity emitted

from fission products with known independent yield, half-life and

branching ratio is measured at various time intervals after irradiadiation.

By taking into account the efficiency of the detector the number of

fissions occuring during the irradiation can be calculated. In this
99 99

measurement the isotope Mo was preferably 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.

Beta spectrometer

The beta radiation from the fission products is measured with

a spectrometer consisting of three Se(Li)-crystals, with an efficiency

of 100 % for beta energies up to about 1.5 MeV. One crystal is placed

between the other two. The center crystal is operated in anticoin-

cidence mode with the side crystals in order to supress events from

beta particles which lose only part of their energy in the main-

crystal. The spectrometer is placed in vacuum and cooled to 80 K.

The beta particles from the irradiated foils will penetrate a window
2

of Ni with a thickness of 3 mg)/cm . A pulsheight spectrum for beta

radiation is obtained by two measurements. One is performed without

absorber (B + y-radiation) and one with an absorber of 10 mm Al (y-

radiation). The difference between the two measurements is the beta

pulse height spectrum. The intensity of the observed gamma spectrum

is less than 6 % of the beta spectrum on account of the low efficiency

of the spectrum for gamma radiation.

Sample transportation and data handling

The sample transportation, the irradiation and counting times

are handled by means of a PDP-15 computer. An automatic cycle can

comprise various irradiation, counting and cooling times. The spectra

are automatically stored on dump tape for off-line data analysis.
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Analysis and results

Measurements have been carried out with irradiation time 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

is performed by a code developed at the laboratory. The code uses

measured response functions to unfold measured beta spectra and assigns

realistic confidence levels to the unfolded spectra.

Results obtained for different irradiation times agree within

2 %, when the total energy is compared for the same cooling time. The

accuracy in the relative decay energy is expected to be better than

5 % in the time range 10 to 1 500 s and better than 7 % for the absolute

decay energy.
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6. THEORY

6.1 Theoretical studies of condensed matter

(I Waller, I Ebbsjö, nnd T Kinell)

During the year the original aim to calculate the dynamical structure

factor for a liquid metal, namely aluminium, was achieved. The calcu-

lations are based on the method of molecular dynamics (MD) in which the

classical equations of motions are solved on a computer for 500 particles.

The potential energy for each particle is built up by pair wise interactions

and the essential input to the computer program is the pair potential.

For aluminium we have used two effective pair potentials, both are

density dependent and derived from pseudopotential formalism. One is

based on the Ashcroft's pseudopotential with Geldart-Vosko screening (AGV)

and the other on Shaw's non-local optimized model potential with Geldart-

Taylor screening (SGT). Before using these potentials in the MD-calcu-

lations we have checked that both give a good description of the phonons

at 80 K.

The purpose for a project of this kind is to verify if good enough

concepts exist for going from assumptions about the forces between the

particles of simple classical fluids to thermodynamic as well as dynamical

properties.

Important is of course to compare with real experiments. For the

dynamical structure factor we want to compare with results from neutron

inelastic scattering. Measurements of this kind have recently been

done by Eder and Kunsch at ILL in Grenoble but the final corrections have

not been made yet. Comparison with their static structure factor, also

without final corrections, shows general agreement but the height of our

main peak is higher.

From the MD-calculations we obtain for the AGV-potential a value on

the isothermal compressibility which agrees excellently with the experi-

mental one but for the SGT-potential a value which is a factor of two

larger.

The MD-data, being the result of a computer experiment, are very

important for checking theories as the MD-calculations are performed

under well-defined conditions for a given potential. Also the MD-cal-

culation can provide data which are not available from real experiments.

In this case our data have been used by prof A Sjölander and coworkers

in the application of their theory on aluminium. The work on calculating
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the static structure factor from the pair distribution function extended

with an analytical formula, reported last year, has been enlarged and

studied more thoroughly. The results are good but not accurate enough

for the simple kind of extension used. The method needs refinements

for reliable results.

In April Ebbsjö defended his theses, with dr S K Mitra as opponent,

at the University of Umeå. In September prof I Waller gave an invited

talk at the International Conference on Lattice Dynamics in Paris.

In June Ebbsjö and Kinell participated in an informal symposium on liquids

in Gothenburg and in late summer in the summer school "Microscopic Structure

and Dynamics of Liquids" (NATO advanced study institute) held at Aleria,

Corsica. During the year dr S K Mitra, prof A Sjölander, dr P Schofield

and t f prof B Johansson visited us. Especially a one-day conference on

liquids with people from prof K E Larsson's and A Sjölander's groups took

part here in December.
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