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INTRODUCTION

At the Studsvik Research Centre are situated certain

for Sweden unique facilities, in the first place the 50 MW

reactor R2 and the 1 MW reactor R2-0. These facilities are

of great interest for applied research and development but

also for fundamental research. The Studsvik Science Research

Laboratory has been established for the purpose of taking

advantage of these possibilities of basic research. Beside

its own research programme the laboratory serves as a basis

for those university groups who wish to use the facilities

at Studsvik for their projects, providing them with labora-

tory and office space, clerical and technical services, and

access to its heavy equipment.

The channels around the R2-reactor are equipped with

spectrometers and diffractometers for experiments using

neutron scattering as a tool. Various problems in the con-

densed state physics, and to some extent also on com-

pressed gases, have been attacked. The programme comprises

the study of molecular motion in liquid metals and salts,

the determination of static and dynamic scattering factors

in liquid metals, and the diffusion of hydrogen in alloys.

Another field of research is the elementary excitations in

liquid He and preparations for studies of the nuclear spin

ordering in solid He. A thorough modernisation of one of

the three-axis spectrometers has started.

The experimental studies of the physics of the con-

densed state are backed up by theoretical work.

The study of crystal structures has continued both with

single crystals and powders in collaboration with groups from

Luleå, Lund, Göteborg, Stockholm, Umeå, and Uppsala. High

quality results have been obtained for a number of compounds

using the new crystal diffractometer, installed in 1981, and

a powder diffractometer obtained by redesigning the old

crystal diffractometer to work as a powder instrument.



A different project at the reactor is to equip one of the

channels with filters for the production of monoenergetic

neutron beams. An iron filter (24 keV) and a silicon filter

(144 keV) are available, and a scandium filter (2 keV) is

planned. These monoenergetic beams are foreseen for research

in physics, biology, medicin, and applied sciences.

The R2-0 reactor has a lower neutron flux than the

R2-reactor, but it is provided with wide openings through

the biological shield making it possible to place bulky

equipment in positions with considerable neutron fluxes.

This is used in the isotope-separator-on-line experiment

OSIRIS where the integrated target-ion source is situated

close to the reactor core in fluxes up to 4 x 10 thermal

n/cm /s. The main research activity has been connected to

studies of the decay properties, including the emission of

delayer neutrons, of short-lived, very neutron-rich fission

prod i -J= using the conventional ion source arrangement. In

add ; :i, nuclear reactions are being studied, thermal neutron
235

indi*. «r fission (independent yields) of U at OSIRIS and

induced reactions as a collaboration project with

a ^t 7up at Lawrence Berkeley Laboratory. A development

prc cct is to provide the separator with a new target-ion

sc. ce which can reach higher temperatures than the present

one. This decreases the delay in the system and, consequently,

increases the yield of short-lived species.

A 6 MV Van de Graaff-accelerator capable of reaching

hign currents is the main heavy research facility belonging

to the laboratory. It is equipped with ion sources for both

light and heavy particles. The successful development of a

post-bunching technique, recently put into operation, has

given the research group a very competitive position as

regards high resolution neutron spectroscopy (up to more

than 20 MeV neutron energy) by means of time-of-flight

methods.



The Van de Graaff-accelerator is used for various

experiments in neutron physics and related fields including
inn

elastic scattering from Pb (radiogenic) and *" Bi, inelastic
141scattering from Pr, and precision measurements of the

elastic scattering of neutrons from carbon to be used as

reference cross sections. As part of the development of

precision techniques, the laboratory has participated in an

international intercomparison of fast neutron fluence deter-

minations. The Van de Graaff-accelerator is also used for

integral determinations of the decay heat in nuclear fuel,

for the development of neutron diagnostical methods for use

in fusion experiments, and for analytical determinations

using the PIXE technique.

The radiation chemistry group has continued their

studies of primary reactions in crystalline organic materials

using pulse radiolysis and ESR spectroscopy techniques. The

structure of the ions and the secondary radicals is estab-

lished by ESR-measurements, and the kinetics of the decay

of the ions is determined after irradiations with a pulsed

800 kV electron accelerator of type Febetron. The optical

properties and the reactions of trapped electrons have been

investigated. Recently, cationic species of hydrocarbons

have been studied using ESR.

Before entering into detailed descriptions of the

current projects at the laboratory it is a pleasure to ack-

nowledge the efficient assistance of the staff which has

greatly facilitated the accomplishment of the scientific

programme. Of great value has also been the support of the

administrative unit of the Natural Science Research Council.

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. VAN DE GRAAFF-ACCELERATOR, APPLICATIONS

1.1 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. 1287 hours were used by scientists, 160 hours for

maintenance and 80 hours were required for unforseen stopp-

ages.

The distribution of the available machine time bet-

ween experiments performed by physisists from various

institutes is shown 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 55,5 %

Universities: GWI and Chalmers 44,5 %

Table 2 The distribution of the machine time between

different experimental branches (in per cent)

Neutron physics

Nuclear physics

Nuclear data for reactor technology

Nuclear astrophysics

Elemental analysis

19,7 %

29,7 %

13.6 %

19.7 %

17,3 %
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1.2 Neutron capture in the giant multipole resonance

region

N Olsson

I Bergqvist and R Zorro, Department of Physics,

University of Lund, Lund

A Lindholm and L Nilsson, Tandem Accelerator

Laboratory, Uppsala

A Likar, Institute Josef Stefan, University of

Ljubljana, Ljubljana, Yugoslavia

(This work has been performed at the Tandem

Accelerator Laboratory, Uppsala)

Previous work on neutron capture in selected nuclei

over the entire mass region has shown the importance of

direct and semidirect processes in the giant resonance region.

The reaction cross sections can be described by means of a

direct-semidirect (DSD) model, which represents the combined

effect of the direct and semidirect processes including

interference.

Hitherto, most of the experiments have been concentrated

on studies of the El giant dipole resonance, but it is also

interesting to study giant multipole resonances other than

the giant dipole. It has recently been demonstrated [1] that

angular asymmetries of the emitted gamma radiation from

neutron capture is a sensitive measure of the mixing of

multipole radiation of opposite parity. This method has thus

been used in a study of isovector E2 strength in calcium using
40 41

the Ca(n,yo) Ca reaction in the neutron energy range

20 - 28 MeV. Differential cross sections at 90° have been

measured in steps of about 0.5 MeV in the entire neutron

energy range and forward-to-backward asymmetries (*[I(55°)-

1(125°)]/[l(55°)+I(125°)]) at three energies! 21.4, 23.7 and

25.9 MeV. The latter data show a significant effect of the

isovector quadrupole resonance (E2, T=l) at about 33 MeV

excitation energy 12].
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The measurements of neutron capture in the light
28

nucleus Si in the energy range 3-14 MeV, discussed in the

preceding progress report, have been subject to further

theoretical analyses. The 90 cross sections show consider-

able structure in the entire neutron energy range. Compound-

nucleus and direct-semidirect capture processes account for

the non-resonant part of the cross sections, whereas some

microscopic model is required to describe the resonance

structure. Continuum shell-model calculations turn out to

provide a very promising means towards a better understanding

of the capture process in and below the giant resonance

region in light nuclei. Angular distribution studies in

the neutron energy range 8-14 MeV indicate that the capture

process is essentially of direct character and that the

effect of interference between the electric dipole and iso-

scalar quadrupole resonance is weak [3].

References
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1.3 Precision measurements of neutron reference cross

sections

1.3.1 International_intercomgarisgn_of_fast_neutron

fil?ence_determinations

N Olsson and B Trostell

P Andersson, University of Lund, Lund

The laboratory participates in an international inter-

comparison of fast neutron fluence determinations under the

auspices of Bureau International des Poids et Mesures (BIPM) ,

Paris. The work is coordinated by Dr H Liskien, Central

Bureau for Nuclear Measurements (CBNM), Geel, Belgium.

The participating laboratories have irradiated de-

livered indium samples with "quasi-monoenergetic" neutrons

of 2.5, 5.0 and 14.8 MeV incident neutron energy. The abso-

lute neutron intensity determination have been made with the

equipment available at each laboratory. The comparison is

based on the In(n,n') In reaction. After neutron irra-

diation of an indium sample the decay of 115mIn(T1/2=4.486±0.004 h)

is observed by measuring the 336.23 keV y-ray emitted in

4 5.9+0.1 % of the decays with a Ge(Li) detector.

At this laboratory, which participates at the energies

2.5 and 5.0 MeV, a proton recoil telescope (PRT) was used to

determine the absolute neutron flux hitting the In-sample.

Since the telescope was placed in the same position as the

In-sample (0°, distance ~15 cm), the flux measurements and

In-irradiations had to be done in separate runs. Normaliza-

tion was obtained by means of a relative neutron monitor,

working in time-of-flight mode.

A Cr source, with for us unknown absolute activity,

delivered by BIPM together with the In-samples was used for

normalization of the y-ray intensities. Since the y-rays

from Cr have an energy of 320 keV, the photopeak efficiency

ratio K(336 keV)/e(320 keV) for the Ge(Li) detector had to

be determined.
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The quantity that has been reported to BIPM for

intercomparison is

K = C In

Cr

where

AIn

'Cr

constant containing halflives, irradiation

times etc.

count rate in the 336 keV photopeak

count rate in the 320 keV photopeak

neutron flux hitting the In-sample

The uncertainty in K was estimated to ~ 5 %.

A preliminary analysis of the results, performed by

the coordinator Dr H Liskien, CBMN, indicated a systematic

significant deviation in the K-values reported by our labora-

tory. Detailed discussions with Dr Liskien lead to the

conclusion that the cause of the deviation was to look for

in the absolute neutron flux measurements.

A detailed investigation of the PRT revealed a weak-

ness in the construction of the telescope resulting in

~ 6.5 % too high values in the calculated neutron fluxes.

The FORTRAN program used for the flux calculations was JISO

checked against a corresponding program used by CBNM. This

comparison showed that the CBNM-program calculated a ~ 2 %

lower flux than the program used in Studsvik. Chemical

analysis* of the polyethylen foils used in the telescope

showed no discrepancies, within the analysing uncertainties

of ~ 1 %, from the assumed chemical composition CH^.

The participation in the international intercomparison

of fast neutron fluence determination has thus, so far, lead

to the revelation of systematic measurement errors when using

this telescope, which will be of great value for the users

of the instrument.

•performed by Centrala Analyslaboratoriet vid Uppsala

Universitet.
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However, since there still remains a significant

deviation in the 2.5 MeV measurement, the construction and

performance of the PRT are under detailed discussions with

other Swedish laboratories using this telescope.

The intercomparison work will continue during 1983.
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1.4 The Microelement Profile in Individual Blood Cells Following Selenium

Supplementation and in Certain Diseases. A Nuclear Microprobe Appli-
cation

Ulf Lindh and Erland Johansson
Department of Physical Biology
Gustaf Werner Institute
Uppsala, Sweden

1.4.1 Introduction
The assimilation and distribution of microelements in general and se-

lenium in particular have attracted increasing interest since Chinese stu-
dies (1) showed that selenium deficiency was an important factor in Keshan
Disease (cardiomyophatia).

It has been suggested that selenium might also be an important pro-
tective factor in rheumatoid arthritis. As the selenium levels in the Swe-
dish population is expected to be low, tracing deficiency in the blood cells
from patients was an intriguing task. To try to normalise this study, a
supplementation study was undertaken in which both the selenium levels as
well as other elements in individual cells and the activity of glutathione
peroxidase (GSH-Px) were assessed. In addition to the supplementation study,
studies of individual blood cells from patients suffering from rheumatoid
arthritis were undertaken.
1.4.2 The microelement profile in blood cells

Neither the accumulation nor the distribution of trace elements in
the blood cells is completely known during health or disease. The erythro-
cytes, thrombocytes and neutrophil granulocytes were chosen as a model for
cells with different life spans having functionally important assignments
in the blood. A set of trace elements were quantitatively determined in in-
dividual cells to unearth (i) whether supplementation of selenium affects
the accumulation and distribution of other trace elements in the cells and
(ii) whether certain diseases are manifested in deviations of the microele-
ment profile from what could be expected to be normal. The levels of gluta-
thione peroxidase (E,C. 1.11.1.9), GSH-Px, were simultaneously monitored in
whole blood to compare depot activity with the parallel accumulation of se-
lenium in the mobile pool of cells.
1.4.3 Preparation of individual blood cells. On each occasion, at the same
time (11 a.m.), was sampled 10 ml of veneous blood in Venoject tubes. To
prevent coagulation, the tubes contain 0.1 ml of 0.38 M EDTA. The different
cell types were then immediately isolated from the blood sample according to
a scheme developed by Johansson et al. (2).

The isolation scheme relies on a series of centrifugations at diffe-
rent g-numbers. Eventually 10 pi aliquots containing the separated blood
cells were put onto clean polycarbonate filters (Nucleopore Corporation).
Following freezing the cells were freeze-dried and subsequently subjected
to analysis in the nuclear microprobe.
1.4.4 Elemental analysis of individual blood cells. The blood cells on the
support of polycarbonate filters were placed in an evacuated target chamber
of the Studsvik Nuclear Microprobe. The selected cells were irradiated with
a 5 pm beam of 2.5 MeV protons from the Van de Graaff accelerator of the
Studsvik Science Research Laboratory. The induced spectra of characteristic
X-rays were collected by a multichannel analyser typically for 300 seconds
and stored on tape for later treatment. Conversion of X-ray counts to rela-
tive amounts of an element was accomplished by a purely analytical approach
combined with the use of elemental standards. To express the relative amounts
it is necessary to determine the mass under analysis. This was realised by
registration of the continuous bremsstrahlung being proportional to the mass.
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1.4.5 Selenium supplementation
During the supplementation study, which has been reported in full de-

tail elsewhere (2), blood was sampled at the beginning (day 0), on day 22
and on day 64. In all nine elements (S, Ca, Cr, Mn, Fe, Cu, Zn, Se) were
followed. Figure 1 shows a parallel increase in the selenium levels in the
three cell types studied. The thrombocytes and neutrophil granulocytes show

111.51
I.IIMIIKTTES

lift

J The cdUvJUvi le.veZ& o$ bzlinixm in tkz thhzi typu
cu> function ofa time, du/iing the Aupplemtntation.

blood teJUU

a similar rats of increase in spite of different routes of differentiation.
It is, though, in accord with their short and nearly equal life span. The
lower rate of increase and lower levels of selenium found in the erythrocy-
tes might be due to their long life span.

The fast accumulation into thrombocytes suggests that the bone mar-
row has an important role in the distribution of selenium among different
types of blood cells. The neutrophil granulocytes obviously contain more se-
lenium than the thrombocytes. Regarding the low number of mitochondria in
both cell types, there must be another means of storing selenium. It is
suggested that the azurophilic granule of the neutrophils and the very dense
granula of the thrombocytes perform this function.

The period of observation for erythrocytes was short. Since the life
span of erythrocytes is four months, it is natural that the increase was
lower than for the other cell types. Only 11% of the total amount of sele-
nium is claimed to (3) be engaged as GSH-Px in human erythrocytes. Measure-
ments of GSH-Px during the period of observation, however, showed small va-
riations.

Among the other features of the elemental profiles of the blood cells
following selenium supplementation are the following observations. In both
thrombocytes and neutrophils the iron levels responded on the supplementa-
tion. In the thrombocytes the iron content decreased indicating that sele-
nium and vitamin E contribute to the iron balance. In the neutrophils the
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opposite situation was detected; the iron level was increased simultaneously
with a decrease in the zinc level. Metallothionein is supposed to be the
storage protein of zinc. The large number of thiol groups should call for
selective protection. It might be that if metallothionein or a related pro-
tein is present, selenium is attached to the storage protein changing the
affinity in favour of iron at the expense of zinc.

In the erythrocytes was noted a significant increase of the sulpur
content. This may be caused in different ways but an increased production
of glutathione may contribute to an increased selenium retention by GSSeSG
production.
1.4.6 Rheumatoid arthritis

Three cases of rheumatoid arthritis were assayed for rhe microelement
profile in the blood cells. The age of the subjects ranged from 35 to 70 y.
They were randomly selected from a greater sample of patients.

As can be concluded from Figures 2-4 there are certain deviations
from the control. There is a statistically secured depression of the levels
of magnesium and zinc in both erythrocytes and thrombocytes. The depression
of zinc is consistent also in the neutrophil granulocytes while the magne-
sium levels seem to be slightly increased.

The most disturbed profile pattern is found with the neutrophil gra-
nulocytes as is showed in Figure 4. It seems that every element monitored
is present in excessive amounts compared to the control.

The most spectacular observation in rheumatoid arthritis is the pre-
sence of strontium in the neutrophils; also in one of the cases strontium
was observed in the erythrocytes.

In neither of the cases with rheumatoid arthritis there were detect-
able amounts of selenium. A very small amount is, however, present in the
neutrophils of the control. Very little is known of the causes of the in-
flammatory process in rheumtoid arthritis. Is has been suggested that sele-
nium might be a necessary factor for the protection of the action of free
radicals.

WEHATOID MTMITIS

EITTIMOTEt

31

I I
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• | Cl Zl l | Cl i l Cl Z l ELEMENT

fig. 2 The ele.me.ntaZ pno^ile o& eAythftacytu f\Hom thh.ee ccuc* of, hhexmatoid
WithAÅXÅÅ compared to the contAoi.
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The iron content of the erythrocytes was not included in Figure 2 be-
cause there was no deviation noted.

Some of the features of Figure 2 were described above but there is
still to be noted that in one of the cases a significant amount of strontium
is present. The copper level present in the control could not be detected in
any of the patients.

The amount of calcium is somewhat increased in the cases of rheumatoid
arthritis.

In neither of the erythrocytes analysed was detected the presence of
selenium.

IIEVMATOID AITHITIS

Tiirancms

1

0

i

fin
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fig. 3 The ele.me.nt pno^iXt in thz thnomhocytzt, ̂ \om thwz patÄe.nt& with
fihcumatoid afitfoiOLu compaAad with the. contAol.

The zinc content of thrombocytes from the patients show low levels,
i.e. below the detection limit. The iron content varied considerably among
the patients. No copper could be discerned but a small amount of titanium
was present in the cells from one of the patients.

Figure 4 displays the elemental profile of the neutrophil granulocy-
tes. The predominant deviations from the control are increased levels of
strontium, calcium, magnesium, manganese and iron and decreased levels of
selenium.

The neutrophil granulocytes which are involved in the natural defense
against infection are those which tend to be most affected by the disease.
Studies aimed at an explanation of the fingerprint resulting from rheumatoid
arthritis are underway. The very complex biochemical pathways involved in
normal cellular processes is disturbed and the fingerprint of elements could
be one means to try to sort out the site of action and which processes to be
emphasised.

The PIXE method is unfortunately unable to provide information on the
chemical state of the elements detected.



- 11 -

III
IW14.II

NfNUTMUTMITIS

låt . 113 CHTMl

1

i i
• l Cl tt I I Fi Cl t i I I Fl Cl tf fe Fi l | Ci • • fl I i Si EUMMT

Fig. 4 The elemental pfio^ile o& neutnopkil gnanulocyte,* faom patxmU with
nhe.ima£oid axtWhXXÅA compared to the contAol.

The work presented here is only part of a wider study of fingtrprin-
ting of individual cells currently being undertaken at the Department of
Physical Biology.

In conclusion, nuclear analytical methods provide an excellent means
of gathering elemental information from biomedical samples,and utilising
microprobe techniques very minute areas can be traced for the distribution
of elements. It is suggested that these methods may contribute significantly
to the elucidation of various biomedical problems.

The work has been supported by the Swedish Natural Sciencr Research
Council.
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1. 5 Non-destructive elemental analysis in microregions of calcified
tissues

Ulf Lindh
Department of Physical Biology
Gustaf Werner Institute
Uppsala, Sweden

The importance of inorganic elements in biochemical and physiologi-
cal processes at all levels of biological organisation is now well estab-
lished. The relationship between health and exposure to elements through
food, air and water can thus be studied on a fundamental level for those
cases where methods with sufficient analytical sensitivity exist. The cal-
cified tissues, though, present a series of difficulties as to accurate
and sensitive, quantitative trace analysis (1).

It has been long known that heavy metals such as lead show great
affinity to bone tissue. Lead and other ions are probably accumulated in
the bone tissue through exchange with calcium ions in the calcium phosphate,
which is deposited in the bone matrix during the mineralisation process.
The interstitial substance of bone has two main components: an organic
matrix and inorganic salts. The organic matrix consists of collageneous
fibres embedded in an amorphous ground substance. The inorganic part of
the bone consists of submicroscopic deposits of a form of calcium phosphate
subsequently reordered to form a more or less crystalline bone apatite (2).

The present study was devoted to trace concentration gradients in
autopsy samples from heavily exposed workers as well as from a control
group. The elements considered were copper, zinc and lead and the analyses
were performed with a spatial resolution of 10 vm. The analytical technique
opted for this task was particle-induced X-ray emission spectroscopy (PIXE)
exercised in the nuclear microprobe.

Compared to the electron probe microanalysis, the major advantage
of the nuclear microprobe is the possibility to determine even the micro-
elements appearing in minute amounts. Another advantage of the nuclear
microprobe is that it is feasible to determine even the lightest elements
in the matrix. Normally, applying energy dispersive detection of induced
X-rays, irrespective of the inducing particles, the lighcest element detec-
table is sodium. Turning to "window-less" detectors this problem can be
overcome although it is quite impractical. The use of nuclear projectiles
opens the field of nuclear reactions to be exploited for light element
determination. Furthermore most of the nuclear reactions in light nuclei
induced by protons or deuterons display resonances in their excitation func-
tions. Depth profiling with extremely good resolution is thus possible. An
example of the simultaneous determination of light element depth profiles
and surface multielement determination of heavier elements was presented
by Lindh and Tveit (3).

One might expect that the problems would be even more pronounced if
the elemental content being monitored is not a major constituent within the
analysed volume. By accurate monitoring of the ligth element content, which
incidentally can be accomplished in three different ways employing nuclear
projectiles (4), and performing the micro PIXE analyses with the standard
method discussed by Lindh (5), accuracies of the order of 5 % could be
approached for the heavy metals.

The statement of non-destructive analysis calls for a comment. Ana-
lysing samples by particle irradiation means that certain amounts of energy
are deposited within the samples. As has become evident from what has been
discussed above some alterations of the samples are unavoidable. Albeit no
elements are lost during irradiation, enough energy is delivered to move
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the atoms of the sample; this is the best case. In some cases even frac-
tions of the elements of the matrix may be lost due to the temperature
rise induced. In the strictest sense, no analysis procedure is non-destruc-
tive, but the one described here may be assigned not too destructive.

As to the zinc levels these showed a moderate variation through the
samples but, in general, amounted to higher values than those of copper and
lead. The distribution pattern of zinc among osteons and individuals is
probably reflecting a normal situation, supporting earlier results (6). The
variation of zinc concentration among osteons of the same individual might
be ascribed to the age distribution of the osteons and differences in the
accessibility of zinc.

The most marked variation within and among osteons were observed for
the lead concentration (Fig. 1). One of the samples (no 42) represents a
case of lead poisoning and high concentrations of lead were consequently
found. In Fig. 1 only one part of an osteon is represented by its contents
of zinc and lead, the zinc piles are situated behind the lead piles and are
shadowed.
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From the procedure described above can be extracted the concentra-
tion of any element present in the sample above the detection limit at
arbitrary positions of the sample. The representation of such data in the
traditional histogram form is not suitable for more than a few points. In
the situation encountered here other means were thus desirable. To this end
computer graphics was employed.

The intensity data from the mapping are transferred to tape and fed
into a microcomputer and stored on floppy discs for faster access. The
microcomputer (Luxor ABC 800 based on the 8 bit Z80A processor) is then
used to produce either colour or grey scale maps. A BASIC programme produ-
ces the colour pictures on the high resolution (240x240 pixels) screen.
This is a very clear and informative reprecentation but it is marred by a
major complication in that colour pictures are seldom accepted for publica-
tion; and if accepted, large costs are involved in the printing. An addi-
tional procedure was thus necessary to fulfill the requirements of publica-
tion.
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A BASIC programme was designed to translate the intensity of concen-
tration data to grey scales suitable for reproduction. Starting from the
two extremes, black and whitr, representing 100 % and 0 % respectively,
patterns were designed symmetrically about 50 %. To avoid to many levels
and for the sake of clarity were chosen seven levels. When the translation
to grey scale is finished, a bit image addressable printer produces the
elemental map of the tissue section.
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The main features of the organisation of human compact: bone tissue
are outlined in Fig. 2. One of the osteons selected in a section from the
bone sample was thus completely mapped in the microprobe. As the size of
this particular osteon was approximately 170x180 um, this meant analysis of
roughly 1200 points.

The mapping of lead in the section of one osteon is displayed in
Fig. 3 together with a micrograph of that particular section containing the
osteon actually mapped. The darkest part corresponds to 185 ppm lead. As
can be discerned from the mapping two concentration maxima occur, and the
osteon here displayed originates from a worker having been excessively
exposed to lead and twice suffering from clinical lead poisoning.

This mapping technique is certainly not limited to the kind of tissue
dealt with here but can be applied to any soft tissue sample that can be
prepared properly for analysis. Soft tissues, however, require a specialised
treatment differing from that of hard tissues (7).

The careful and competent application of the nuclear microprobe to
problems of biomedical origin thus opens a field of great potential.
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fig. 3 The mapping ol^ the. Itad concznthation oi owe oiteon [ipQcinw.n no 42]
iA ihown to the. light and a micKogfiaph ofa the thin section pfiobzd
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2. NEUTRON PHYSICS AND NUCLEAR ASTROPHYSICS

2.1 A facility for neutron elastic and inelastic

scattering at 22 MeV

B Holmqvist, B Jonsson, L Norell, N Olsson,

E Ramström and B Troste11

The aim of the present experimental program is to

collect a homogeneous set of differential neutron elastic

and inelastic scattering angular distributions of high

accuracy. The experimental elastic scattering data should

be used for studies of the spin-orbit interaction and also

the isobaric spin dependence of the optical model potential

without disturbing components from compound elastic scatte-

ring. In a similar study performed earlier at the laboratory

at neutron energies < 8 MeV [1] the magnitude of the spin-

orbit potential depth has been determined from large angle

scattering data,and the existence of an isobaric spin term

has been confirmed in the optical potential. It is of outer-

most importance in such studies to use the uncharged neutron

as a probe since the interpretation of the data can be facili-

tated in an essential way by neglecting the Coulomb interaction.

Furthermore, by observing inelastic neutron scattering

to different excited states in nuclei collective processes

can be studied, which can give information about deformation

parameters and their isobaric spin dependence.

In order to perform neutron scattering experiments at

22 MeV the time resolution of the time-of-flight spectrometer

has to be improved. There are different sources contributing

to this resolution, i.e. the ion pulse width, the length of

the gas target cell, the time resolution of the neutron

detector as well as different geometrical factors.

The previously [2, 3] described post bunching facility

for production of ion pulses with a duration of down to 150 ps

and intended for the high resolution time-of-flight experi-

ments mentioned above, has been completed during the year.

Thus, for bunching the ion beam pulses a 3 kW FM-transmitter+,

+Nippon Electric Co., Model FBN-7030E
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working in class AB for easy adjustment of the power, has

been installed and tested. Devices for adjusting the trans-

mitter output power and phase have been built as well as a

remote control system for tuning the buncher resonator.

The properties of the bunching system has been tested in
9 10

a neutron time-of-flight experiment by using the Be(d,n) B-

reaction and a Pilot V (# 25x20 mm) scintillation detector.

A spectrum taken with this equipment at a flight path of

5.78 m and at an angle of 0° has been plotted in Fig. 1

showing a time resolution of 400 ps at a neutron energy

of 9.4 MeV.

A new tritium gas target, with a cell length of 1 cm

and a metal sealed entrance window, has been prepared together

with a new tritium gas handling system. The system has been

designed to operate at a gas pressure of 4 atm and at a high

safety level. The length of the cell given corresponds to a

time spread of 0.4 ns at a deuteron energy of 5 MeV thus

getting a benefit of the short ion beam from the accelerator.

Development of a fast, high efficiency neutron detector

is in progress. It consists of a large cylindrical (0 12.5 x

30.0 cm) NE 213 liquid scintillator, and it will be aligned

to detect neutrons travelling parallel to its symmetry axis,

thus making use of existing collimator and shielding. The

scintillator is viewed by fast photomultipliers at the front

and rear flat faces allowing electronic time compensation [4]

to eliminate thickness limitations on time resolution.

Data acquisition will be made on-line by using a

computer system [5] developed to control the width of the

ion beam pulse from the accelerator. With this system it

is now possible to register time-of-flight spectra, monitor

counts etc. during pre-analyzed time intervals containing a

given number of beam pulses that are accepted. Time inter-

vals during which the ion beam pulse width is not accepted

are rejected. Information is also obtained regarding the

numbers of accepted and rejected time intervals.
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2.2 Fast neutron physics

T Wiedling

2.2.1 ?§§t_neutron_£^5ics_at_the_200_MeV_accelerator

§t_t*i§_Gustaf_Werner_Institutei_yggsala

Fast neutron physics experiments, specifically total

cross section measurements, at the GWI accelerator at the

University of Uppsala are in preparation. In order to be

able to perform high quality neutron measurements in the

energy region covered by the accelerator, i.e. up to 200 MeV,

there is a need of short beam pulses with an appropriate

repetition rate as well as of a high power beam target for

the production of a white neutron spectrum. The pulse

requirements can be met by different engineering alterna-

tives but no specific ones have been chosen yet.

The development of fast neutron detectors is in

progress for use in time-of-flight experiments.

The design of the white neutron spectrum target can

profit on experience gained at the design of a high power

slit system designed and constructed at the Van de Graaff

laboratory many years ago (L Aringe and T Wiedling, A High

Power Variable Width Slit System, NIM, 98> (1972) 607) .

2.2.2 Cgmgilatign_of_neutron_nuclear_data

Intercomparisons of neutron data evaluations of a

number of data libraries are in progress within the OECD/NEA

Joint Programme on Neutron Data Evaluation. Specifically

work with Na data is in progress.

This neutron physics program is a joint work with

physicists at Uppsala (L Nilsson, TLU (Tandem Laboratory at

the Uppsala University) and P-U Renberg and O Sundberg, GWI

(Gustaf Werner Institute))•
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2.3 Compilation of actinide neutron nuclear data

P Andersson
Lund Institute of Technology, Lund

H Condé
National Defence Research Institute, Stockholm

A Etemad
Chalmers Institute of Technology, Göteborg

C Nordborg
NEA Data Bank, Gif-sur-Yvette, France

G Olsson
Studsvik Energiteknik AB, Nyköping

B Trostell

Aiming for a future supplementing and updating of (1),

calculations of group cross sections for the resonance

region has been completed by Dr C Nordborg, NEA Data Bank.
241 242 243Comparisons of evaluations of Am, Am and Am

neutron cross sections have also been performed for JEF

(Joint Evaluated Files), the European-Japanese Neutron

Data Library (2, 3).
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2.4
141

The level scheme of Pr from the (n,n*Y) reaction

B Trostell and B Fogelberg

141,The low spin states of the nucleus Pr have been

investigated using the (n,n'y) reaction. y~ray excitation

functions have been measured at incident neutron energies

from 1.1 to 2.6 MeV as well as Y-Y coincidences at an inci-

dent neutron energy of 2.5 MeV. From this information

together with the determined y-ray energies the level scheme
141

of Pr, shown in Figs. 1 and 2, has been obtained. Spin

and parity assignments, which were recognized as well

established, have been taken from earlier (n,n') and charged

particle works. Further assignments have been made using

y-ray selection rules. A comparison between the experimental

results and shell model calculations shows good agreement

and indicates an almost complete covering of the kinematically

possible states in the present experiment. A manuscript to

a report on the subject is in the final stage of preparation.



T *

.HL SK SI I

;\3W9

I d i 1 | nu; - •



- 25 -
! 4 ; p ,

59' ' n . r. ' 8 ) En - 2 . BMeV

• — m u l t i p l e p l a c e m e n t

1.15 «S 7fl*

Fig. 2



- 26 -

2.5 Studies of thermonuclear reactions with applications

to astrophysics

Bertil Holmqvist and Elisabet Ramström

9 12
2.5.1 The__Be_Xoin)^ C_reaction

Thermonuclear reactions are of interest to stellar

evolution with particular attention to hydrostatic

(0.1 < T9 < 1.4) (T = T9-10
9) and explosive (1.8 < < 2.2)

burning processes as well as to the syntheses of elements

observed in the solar svster. and in stars. In this work the
9 12

importance of the Be(a,n) C reaction has been studied in

the temperature range of hydrostatic burning which corresponds

to a-particle laboratory energies below 1 MeV. The emphasis

of the experiment has been to measure the neutron yield from

this reaction under very clean target (99.95 %) and vacuum

(<10 torr) conditions as well as by using a neutron detection

system allowing measurements of cross sections in the nb- and

ib-ranges. Furthermore, the measurements have been performed

with a 2 mm thick beryllium disk as a target, in which all

the a-particles are stopped. This technique was chosen in

order to determine the total integrated cross section for the
9 12Be(a,n) C reaction from zero energy up to the lowest energy

obtainable with the Van de Graaff accelerator, i.e. 0.4 MeV.

Cross sections at such low energies are also of astrophysical

interest.

9 12
The Be(a,n) C reaction, if it occurs, is expected

to take place in a star in high-density (p ~ 10 ) and high-

temperature (Tq ~ 1) situations where the primary constituents
12are ti-particles and neutrons. Under such conditions C is

9 12
produced in the 3a process but also in the Be(ot,n) C reaction.

For both these processes it is assumed that small quantities
ft A

of Be are produced in thermal equilibrium with He. In a
shell of a star where hydrogen has not been consumed by nuclear

9
burning any Be, which could be produced in the shell or by
interstellar spallation nuclear reactions, would be quickly

9 8 4
burnt by the Be(p,d) Be •»• 2 He process.
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9 12

The measured excitation function of the Be (a,n) C

reaction (0.43 < E
- a,LAB

< 0.77 MeV) has been used to calculate

the astrophysical lifetime of Be against burning in an

a-particle atmosphere. The following expression has been

derived from the experimental data

= T-3/2

6.679-10"5
3 ) ^ exp(-4.965/T9)j

1.305-10"4 J

n-2/3 0.017 /3. exp(-23.869 T"

2.32-10-13

where the first two terms correspond to resonances at

En T an = 0.530 and 0.618 MeV and the last term represents
9 12the low energy off-resonant contributions in Be(a,n) C.

This function has been plotted in Fig. 1 from which a life-

time in the nanosecond range is obtained on the assumption

of the above-mentioned temperature and density conditions.

Thus there is a possibility that Be, produced predominantly

by interstellar spallation nuclear reactions, is quickly

consumed in the stage of a-particle burning in stellar

evolution.

2.5.2

The meteorites are the best source of information

regarding the earliest history of the solar system. Until

recently the conclusion was generally drawn that solar system

material had been thoroughly homogenized prior to formation

of the sun and the planets. However, since 1972, several

elements have been found to have isotopic variations of

nucleosynthetic origin. Thus,in some groups of meteorites/

the carbonaceous chondrites, unaltered presolar grains
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have been found to contain a substantial excess of Mg
26 5which could have arisen from jji situ decay of Al(7.3x10

26
years). If Al was present in the solar nebula at the time

of condensation of these grains, it must have crystallized
27

along with stable Al in these minerals with an initial
26 27

ratio ( Al/ A1) Q. After the crystallization process the

grains are considered not to go through any high temperature

stage leading to metamorphic recrystallization which would

destroy their identity. Today the initial ratio (
i 27
Al/ A1)

can be determined from the ratios Mg/ Mg and Al/ Mg

which can be measured by using the mineral grains.

From the nuclear physicist's point of view it is of

interest to study all those nuclear reactions being responsible

for production and burning of the different isotopes mentioned

above. The aim of the present work is to study the thermo-

nuclear reaction Al(a,n) P in the a-particle energy region

3.0 < E a < 3.5 MeV which corresponds to the temperature range

2.0 < T9 < 2.7 g = T'10 K) cf explosive carbon burning

processes of interest for the syntheses of elements being

observed in the solar system and in stars. As in the measure-
9 12

ments on the Be(a,n) C reaction reported in the previous

section the experiments have been performed with a very

clean target (99.9999 %) and under clean vacuum conditions

(< 10 torr) using a neutron detection system allowing

measurements of cross sections in the ranges of nb and ub •
2)

Several resonances, not being reported earlier , have been

observed.
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9Be(a,n)!2C reaction
rate from this work

0

Fig. 1 Lifetime (years) of the Be nucleus to interaction
9 12

via the Be(a,n) C reaction.
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3. NEUTRON ABSORPTION AND SCATTERING

3.1 Neutron scattering studies in condensed matter

research

R Dejus, B Granéli, M Jungmar, and K Sköld

3.1.1 Introduction

The major component in the scientific program is neutron

scattering studies of atomic motion and of atomic structure in

condensed matter. Present areas of research include study of

the fundamental properties of solid and liquid He and study

of the ionic motion and ionic structure in superionic conduc-

tors. The neutron scattering research on superionic conductors

is complemented by radioactive tracer diffusion experiments

and by Molecular Dynamics computer simulation studies. The

group maintains close collaboration with scientists at Argonne

National Laboratory within both of these areas of research.

3.1.2 Instrumentation

One of the triple-axis spectrometers (TAK II) is

presently under reconstruction. A new data acquisition and

spectrometer control system has been ordered from the Risö

Laboratory, Denmark, and will be installed in February 1983.

After reconstruction the instrument will be equipped with

step-motors and absolute angle encoders under software

control from the PDP 11/24 computer. The instrumentation

also includes a sample temperature controller interfaced

with the computer.

3.1.3 Elementary excitations in liquid He

In a highly successful series of neutron scattering

experiments, the group has measured the elementary excitation

spectrum of fluid 3He [1]. The experiments are made in collabora-

tion with the neutron scattering group at Argonne National

Laboratory, USA. The program has so far been based on results
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obtained at the CP-5 reactor at Argonne. After the shut-

down of the CP-5 reactor at the end of 1978 a decision was

made to transfer the project to the cold neutron time-of-flight

spectrometer at the Studsvik reactor. The necessary experi-

mental equipment, including a statistical chopper facility

and a dilution cryostat, has been transferred to Studsvik

and modified to fit the spectrometer at the R2-reactor.

The equipment has been tested and is now fully operational.

The cryogenic facility has already been used for experiments

related to studies of nuclear spin ordering in solid He

(see below), and the experiments on liquid He will start in the

spring of 1983.

In the continuation of the liquid He project, special

emphasis will be on measurements with improved energy resolu-

tion, such that the spin- and density-fluctuation spectra can

be resolved over a wider range of momentum transfer. This will

allow a detailed evaluation of the spectral shape of the com-

ponents which, in turn, will elucidate the nature of the effec-

tive interaction between particles. Recent theoretical results

show that this information can be used as a basis for a micro-

scopic description of the superfluid phases of liquid He [2].

Experiments at elevated pressure are also planned.

From the variation of the effective interaction with density,

unique information regarding the importance of the zero point

amplitude for the local screening of the repulsive interaction

can be derived. These results will be used to test the hypo-

thesis that the difference in the effective interaction in
3 4

liquid He and in liquid He is due to the difference in mass,

and thus zero point amplitude, rather than to the difference

in the quantum statistics of the two systems (Fermions and

Bosons respectively).

The experiments on liquid He will continue as a

collaborative effort between the neutron scattering groups

at Argonne (D L Price, R Kleb and G Ostrowski) and at Studs-

vik (K Sköld). Scientists from Argonne will take part in the

neutron experiments at the R2-reactor and the analysis of the

results will be made both at Argonne and at Studsvik. Also,

it has recently been agreed that the low temperature group

at Otaniemi, Finland, will join the effort. Starting in

January 1983, Teppo Jyrkkiö from the Otaniemi group will take

part in the experiments at Studsvik.
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3.1-4 Nuclear spin ordering in solid He

The bcc phase of solid He is known to undergo a

nuclear magnetic phase transition at « l.l mK 13]. The

underlying reason for the transition is quantum mechanical

exchange interaction between the spins. The phenomenon is

the only known case where direct physical exchange of par-

ticles results in an exchange coupling which is strong enough

to cause nuclear spin ordering at observable temperatures.

The transition is generally assumed to involve an antiferro-

magnetic spin structure in the ordered phase. This has not

been verified experimentally/ however, and the problem has

attracted a great deal of attention in recent years (for a

review see J Landesman, J. de Phys. C6 - 1305, 1978) .

The only experimental method which measures the spin

structure directly is neutron diffraction. However, as most

of the neutrons are absorbed in the sample, the neutron

diffraction technique is difficult to apply in this parti-

cular case. The absorption leads to difficulties in two

regards; firstly, the experiment is severely intensity li-

mited and, secondly, the neutron absorption heats the sample,

which interferes with the cryogenics of the experiment. The

problem is compounded, as the limitation on the heat input
-9

(» 10 W) implies that the incident neutron flux must be
3 2

below «10 n/cm /sec, which is several orders of magnitude

smaller than the flux normally used in diffraction experiments.

About three years ago a project team was assembled to

evaluate the feasibility of a neutron diffraction experiment

to determine the spin structure of magnetically ordered solid

He. The team involves scientists form Northwestern Univer-

stiy and Argonne National Laboratory, USA, and from the

neutron scattering yroup at Studsvik.

The neutron diffraction experiments will be made at

the pulsed neutron source (IPNS-I) at Argonne. A dedicated

neutron diffractometer has been assembled and tested during

1982. The cryogenic equipment, including a dilution refri-

gerator with a nuclear demagnetization stage, has been built
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by the low temperature teams at Argonne and at Northwestern,

and the cryogenic system is presently undergoing final

testing.

Detailed calculations show that substantial advan-

tages can be derived from using a single crystal sample.

However, as the sample system cannot be rotated, it is

necessary to develop techniques to grow oriented single

crystals iri situ in the cryostat in order to utilize this

advantage. This development work was done at the Studsvik

reactor and completed during 1982. For this purpose one of

the triple-axis spectrometers at the R2-reactor was modified

by replacing the analyser unit with a multi-detector assembly.

The dilution cryostat which was originally transferred to

Studsvik for the liquid He research (see above) was used

for the crystal growth studies. The experiments were highly

successful and show that the He crystals grow epitaxially

with a reproducible orientation on the Si single crystal

which forms the front window of the sample cell.

The final experiments are presently held up by heat

leaks in the demagnetization stage of the cryostat. It is

believed that the major source of heat is generated by y-

radiation heating in the Cu-bundle of the demagnetization

stage. The radiation shielding is now being rebuilt, and

the experiments will continue when the IPNS-facility resumes

operation in March of 1983.

3.1.5 Fast ionic conductors, tracer diffusion measurements

A novel method for the determination of ionic trans-

port in solid electrolytes has been developed and applied to

the diffusion of Cu in Cul [4], The technique is a modifica-

tion of the conventional radioactive tracer method and is

based on neutron activation in a reactor of nuclei in situ

in the sample. Radioactive nuclei are produced in a thin

slice in the middle of a cylindrical sample,and the transport

of atoms is subsequently monitored by non-destructive y-

scanning of the spreading activity profile. The present
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method is particularly useful in cases where the half-lifes

of the active nuclei are short, such as in the case of

Cu (T, ,2=12.7h), and also offers a number of other advan-

tages of systematic nature.

With the present technique, the sample can be con-

tained in a sealed volume through the entire experiment, in-

cluding sample preparation, neutron irradiation, diffusion

at fixed temperature and, finally, the y-scan of the diffu-

sion profile. This feature is particularly advantageous

in the case of samples which are sensitive to exposure to

moisture and to air and also greatly simplifies the hand-

ling of the active material involved. During the previous

year the facilities for sample preparation have been im-

proved, and an oven with precise temperature control

for the diffusion annealinq has been built. The equipment

for Y-scanning of the irradiated samples has been improved

such that the measurements are now made automatically

under the control of a mini-computer (ABC 80). The experi-

mental program is complemented by Molecular Dunamics computer

simulations which are done in collaboration with Dr Ingvar

Ebbsjö at Studyvik and v/ith Drs Aneesur Rahman and Priya

Vashishta a*: hi 'i<>IV,J- .

3.1.6 Fast ionic conductors, neutron scattering experiments

During the present year the main emphasis in the

research on fast ionic conductors has been on neutron scatte-

ring studies of the intermetallic compound LiAl. These

studies are made in collaboration with Drs iorben Brun and

Sherman Susman at Argonne.

Li A11_X, which is of large interest as electrode

material in batteries, forms an intermetallic compound,

(3-LiAl, for 0.48< x< 0.54 with the B32 structure (Zintl) .

The compound contains a very large concentration of consti-

tutional defects for all compositions. The vacancies on the

Li sublattice are believed to be the origin of the large

mobility of Li-ions but very little is otherwise known about

the microscopic properties of the material.
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Recent resistivity measurements as a function of tem-

perature and concentration show an anomaly for x< 0.5 at about

100 K. From NMR and quasi-elastic neutron scattering experi-

ments, the vacancy diffusion coefficient has been estimated
—8 —9 2

to be around 10 - 10 cm /sec. Also, calculations of the

elastic relaxation of the atoms in the vicinity of a Li

vacancy suggest that the vacancies interact via long range

strain fields. Based on this information, it was recently

suggested that the resistivity anomaly at 100 K is the result

of an ordering of the vacancies on the Li sublattice [5],

In a series of neutron scattering experiments at Studsvik

during the last two years, the structural properties of B-LiAl

have been studied and results have been obtained which in

great detail explairi the known properties of the material.

For temperatures below the 100 K transition we observe

satellite reflections at reciprocal lattice points (4/5,

2/5, 0) and equivalent positions. These satellites can

be accounted for by a multi-domain tetragonal unit cell with

a = a \/5/2 and cv=c . The ordered state can be described
t C w cl

as a Li vacancy "density"wave along a <420> cubic direction.

The density is modulated such that nine planes, (84 0), con-

taining no vacancies are followed by one plane in which all

the vacancies reside. This vacancy ordering is accompained

by internal displacements in the tetragonal unit cell.

In a second series of diffraction experiments the exi-

stence of lattice strains above 100 K was directly verified

by the observation of reflections otherwise forbidden in the

present structure. From the intensities of the "forbidden"

reflections it was possible to determine the atomic displace-

ment pattern with great accuracy.

During the present year the main emphasis has been on

the study of the structure of the diffuse scattering which

results from disorder on the Li sublattice. These experiments

are still in progress.

The neutron scattering experiments on LiAl were initia-

ted by T Brun and S Susman at Argonne, and T Brun participates

in the actual measurements at the Studsvik reactor. The

results have been described in two reports which have been

submitted for publication [6, 7].
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3.2 Neutron scattering studies in disordered systems

U Dahlborg, M Grönros, T Johnsson, L-E Karlsson,

K-E Larsson, D Noréus, G Olsson and 0 Söderström,

Department for Reactor Physics, Royal Institute

of Technology, Stockholm

3.2.1 Introduction

The major component of the group's scientific program

lies in field of condensed matter research. The experimental

facilities include two time-of-flight spectrometers, one for

cold neutrons and one for thermal neutrons, both situated at

the research reactor R2. The group has also part time access

to the triple axis spectrometers operated by the group under

Kurt Sköld.

The scientific achievements of the group are briefly

discussed below.

3.2.2 Investigations on the molecular motion in liquid

metals

During the last years the group has to some extent

concentrated its efforts on studies of the structure and the

molecular motions in liquid metals. These results have

recently been reviewed [1].

Many different experimental methods are included in

these studies. Of course, inelastic neutron scattering is the

group's main concern but it is clear that in order to success-

fully interpret the measured dynamic scattering functions,

molecular dynamics calculations on the system in question

have to be made. Also detailed comparisons to different

theories and models have to be performed. However, this in

turn implies a knowledge of the effective interaction between

pairs of molecules in the system.
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3.2.3 Determination of dynamic scattering functions

The dynamic scattering functions S(Q,E) for liquid

lead at 350°C [2] and for liquid bismuth at 307°C [3] have

earlier been determined for wavevectors Q in the range ~ 1 Å

to ~ 7 A . A special study on the small wavevector transfer

region was also performed on liquid lead [4], These measure-

ments have been complemented with two more experimental

investigations.

In order to study the temperature dependence of S(Q,E)

a measurement on liquid lead at 900°C has been made [5]. The

measurement itself was very difficult to perform,and it was

found that extreme care has to be taken in order to properly

apply the experimental corrections. By simulating the experi-

mental conditions by the Monte Carlo technique it was, for

example, found that under certain circumstances peaks origi-

nating from the multiple scattering of a neutron first in

the sample and then in the container wall could appear in

the spectrum of scattered neutrons. These "false" peaks were

also seen experimentally. As compared to the one at 350°C

S(Q,E) at 900°C is even more structureless. An interesting

result is that for large Q the width agrees with the predic-

tions of the ideal gas model.

A special study of the scattering function for liquid

bismuth for 0.4 <_ Q <, 1.5 A~ has been undertaken [6]. Earlier,

this type of investigation has revealed the existence of

collective excitations in liquid lead. However, in bismuth

only very faint indications of this type of excitations were

detected. Thus it was possible to conclude, having the results

of the earlier measurements in mind, that the molecular motions

in liquid bismuth is different as compared to the classical

liquid metals rubidium and lead. Whether the specific behaviour

of liquid Bi is due to the presence of covalent effects still

prevailing in the liquid can, however, not be judged upon.

Both lead and bismuth are coherent scatterers,which

means that only the total scattering funciton is determined.
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Accordingly no direct information on the self part of th3

molecular motion is obtained. In order to study this,

experiments on liquid sodium using both thermal and cold

neutrons have been made. Sodium is a mixed scatterer, thus

having both coherent and incoherent scattering, but by

restricting the study to small Q where the coherent contri-

bution is small S (Q,E) can be determined. The project is
s

performed in close connection with molecular dynamics cal-

culations on the sodium system by I Ebbsjö and T Kinell.

The experimental results are at present under evaluation.

A detailed analysis of the shape of S(Q,E) for different

liquids have been made [7]. It was argued from this comparison

that the diffusion mechanism as observed in neutron inelastic

scattering is mainly coupled to fast relaxation processes in

liquids. The driving agent is the binary collision while

the collective processes play a very little role in defining

the diffusion process.

3.2.4 Determination of static structure factors S(Q)

During the analysis of the measurements on liquid Bi

it was found that existing information on S(Q) was not of

satisfactory quality. Thus an accurate measurement was

performed, and a detailed comparison to S(Q) for liquid lead

was undertaken. A report is under preparation.

The applicability of the so called Placzek correction

to neutron diffraction work on liquids has been investigated

in detail [8]. It was shown that at least a brief knowledge

of S(Q,E) is necessary if a measurement of S(Q) is to be

properly corrected.

3.2.5 Studies on the structure and the molecular motion

in binary salts both in the melt and in the super-

ionic phase

Investigations of those binary salts which in the solid

phase undergo a transformation to an ion-conducting phase

have been going on for a long time. However, it is just recently

that a combination of molecular dynamics calculation and neutron
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inelastic scattering has started to give us a deeper understan-

ding of this type of substances.

The project aims at accurate determinations of the

partial static structure factors and of the partial dynamic

scattering functions. These can be obtained by measurements

on samples with different isotope concentrations. The first

compound for investigation will be CuCl which means that at

least 5 separate measurements have to be performed. To

separate out the different component scattering functions

is extremely complicated and requires,in order to be success-

fully made, an extraordinary care in the data correction

procedure. This requirement also includes a complete know-

ledge of the neutron scattering properties of the container

material.

Thus,the first measurements have been made in order

to determine the dynamic scattering function for quartz (SiO2)

at several temperatures. The results are at present under

evaluation.

3.2.6 Hydrogen in metal alloys

The studies of the hydrogen diffusion mechanism in

Mg2NiH4 and LaNi,-H6, using the inelastic neutron scattering

technique, have been completed [9, 10], Extensive abreviations

of the linewidth broadening showed that the hydrogen diffusion

process in these systems occurs in at least two modes of motion!

one rather fast localized and one slow translational jump

motion. In the case of Mg-NiH, the geometry of the fast jump

motion is octahedral while for LaNicH, the jumps occur on a

six-point circular path. The slow (translational) motion of

the hydrogen atoms is essentially accomplished by jumps between

the localized modes of motion.

Neutron diffraction results by R Tellgren, Uppsala,

have shown that in the compound Pd^pQ gHo 2 t n e n y ^ r o 9 e n c a n

take two different sites in the lattice. Inelastic scattering

measurements at the cold neutron spectrometer has revealed that

the hydrogen oscillates at a fast rate between the two sites

at both the investigated temperatures, 125°C and 242°C.
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3.2.7 The molecular motion in compressed methane gas

The analysis of the slow neutron scattering data for

methane gas at 295 K and the pressures 0.5 to 4.0 kbars is

completed til]. The basic result is that an anomaly in the

translational and rotational diffusion coefficients was ob-

served for states around 1.5 kbars pressure, probably

indicating weak coupling effects of the molecular rotation

and translation. The measurements on methane at constant

density (corresponding to 3 kbars at 295 K) but with different

temperatures (100, 200 and 295 K) are under analysis.

3.2.8 Reconstruction of the cold neutron time-of-flight

spectrometer

The reconstruction of the spectrometer has been

finished [12]. This implied that the beryllium filter was

placed downstream the double monochromator unit. Considerable

effort was given to keep the level of background neutrons as

low as possible. The reconstruction was made in close coopera-

tion with K Sköld.
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3.3 Facility for filtered keV-neutrons

K-A Edvardsson, K Sköld and N Ryde

The activity in this project has mainly been planning,

preliminary investigations and testing of the proton-recoil

detector. Most of the equipment has not yet been delivered.

Problems have arisen in finding a supplier of the material

for the scandium filter. Negotiations are going on to get

the scandium metal from Sovjet.

An investigation of the transport of cadmium from the

environment via air, water, tobacco smoke, and food to human

being has been performed. This investigation is a part of a

study carried out in the administration of OECD concerning

the ambient concentration of cadmium under the environment.
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3.4 Neutron diffraction studies

R Tellgren, Neutron Diffraction Group

I Olovsson, Swedish National Committee for

Crystallography

3.4.1 Introduction

During 1982 a large part of the work in the neutron diffrac-

tion group has involved redesign, change and optimisation

of instruments. The new single crystal diffractometer was

tested at the beam in December 1981. The tests indicated

some misalignements in the goniometer and detected too high

background scatter from the cryostat. Due to the reactor shut

down it was not possible to complete the alignement of the

instrument until September. The background scatter from the

cryostat has been reduced an order of magnitude with better

shielding and change of materials.

The old powder diffractometer has been replaced with the

old single crystal diffractometer, which has been redesigned

to work as a powder instrument.

The data collection at the instruments has involved collabora-

tion with researchers from Lund, Göteborg, Stockholm, Uppsala,

Umeå and Luleå. The international contacts with neutron diff-

raction groups in Grenoble, Brookhaven, Harwell, Kjeller,

Ristf, Saclay and Ottaniemi has been continued.

The following complete data sets have been collected during

the year:

Single crystal

C(CH2OH)4

CsH3(Se03)2

Na-B"-alumina

NiSO4'6D2O

R Tellgren, Uppsala

R Liminga, Uppsala

J Thomas, Uppsala

H Ptasiewicz, Uppsala
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Powder

Compound

Fe2P0.75Si0.25

(Mi0.75Zr0.25>3(PO4>2

NiFe2(PO4)2

Y Andersson, Uppsala

A Nord, Stockholm

A Nord, Stockholm

A Nord, Stockholm
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3.4.2 The cation distribution in synthetic (Fe,Mn)^(PO4)5

graftonite-type solid solutions.

Anders G Nord

Section of Mineralogy, Swedish Museum of Natural

History, P.O. Box 50007, S-104 05 Stockholm 50,

Sweden

and

Thore Ericsson

Department of Mineralogy and Petrology, Institute

of Geology, University of Uppsala, P.O. Box 555,

S-751 22 Uppsala, Sweden

Nine (Fe. Mn K ( P 0 4 ) 9 solid solutions (0.1<x<0.9) with the
I ̂ X X J * £»

graftonite-type structure have been prepared and equilibrated

at 1070K. The structure contains three distinct cation co-

ordination polyhedra, all distorted: one octahedron, and two

five-coordinated polyhedra. Accurate unit cell dimensions

(P21/c) have been obtained from Guinier-Hägg photographic

data for these phases. Mössbauer spectra in combination with

a neutron diffraction study of (Fe Q > 5 0Mn 0 > 5 Q) 3(P0 4) 2 have been

used to determine the cation distribution for the various

compositions. Mn 2 + preferentially enters the distorted octa-

hedra and Fe 2 + the fivecoordinated sites. The site popula-

tions obtained are in agreement with general cation preference

trends.

»00

Fif 4 The Icail squ.ires fit obtained between (he observed intensities (continuum line) and calculated intensities (puin(s) for
MHO VIJIIHO,), from the neutron diflratlion fullprnPle refinement No I (see text) The disc""* .•>--:y in the fit (/oh, - / t . u ) i»

plotted helo» .in the samt s u i t
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3.4.3 A Neutron Diffraction Study of the Ferroelectric

State of Deuterated Lithium Trihydrogenselenite,

LiD3 (SeO,)2 •

Rune Liminga and Roland Tellgren

Institute of Chemistry, University of Uppsala,

Box 531, S-7 51 21 Uppsala, Sweden

LiD3(Se03)2, monoclinic, Pn, a =6.2473(4), b=7.9030(7),

c=5.4471(3) A, 6 = 104.995(5)°, V = 259.78(3) A3, Z = 2,

dv = 3.412 Mg m~3, v . = 0.0691 (1) mm"1 , y = 1.210 A. Large
X OOS

single crystals were grown by the slow evaporation at room

temperature of a solution made up from Li-CO, and SeO2 in

D2O (0.02% H 20). The data were collected with a voltage of

540 V mm applied in the c* direction. The crystal structure

is built up of Li and DSeCK ions and of D2SeO, molecules.

The isotope effect in hydrogen bonds shows the general trend

as expected for hydrogen bonds in the range 2.5-2.6 A, i.e.
a lengthening of the O**'O distances and a shortening of the

2 2
0-D distances. [The final R values were R(F ) = 0.034, R (F ]

= 0.044, and R(F) = 0.021 for 818 unique reflexions.]

I. A sicfcusfcipic illuMralicn cflhc hydrofcn honrfcd O,SC(J,
molcculfs and OScO, urns
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4. RADIATION CHEMISTRY

T Andersson, O Claesson, A Lund, G Nilsson and

P-0 Samskog

4.1 Introduction

The general theme of the research work is the study

of primary processes induced by ionizing radiation. We

have in particular considered the following aspects:

1) Structure and reactions of organic cations stabi-

lized in halogenated matrices at low temperatures

(1-3).

2) Studies of radiation damage centres stabilized at

very low temperatures, 26 and 3 K (5-9, 12, 14, 15).

3) Ionic processes in the degradation of polymers (11).

4) Radical pairs in a hydrogen bonded matrix (10).

5) ESR studies of free radical intermediates in the

gas phase (17).

6) Theoretical studies of free radical structure using

ab initio molecular orbital calculations (cooperation

with Sten Lunell, Uppsala) (8).

7) Development of data collection and treatment of

pulse radiolysis data.

To achieve this program we have applied the techniques

of low temperature irradiation in conjunction with ESR

spectroscopy and pulse radiolysis with nanosecond time

resolution. Combined application of these two techniques

to reveal structure and kinetics in connection with primary

processes has been continued. It represents a unique

approach not used elsewhere. In addition we have developed

an extensive (mostly international) cooperation with other

groups in order to elucidate these primary processes with

complementary techniques and with the help of expertise

from other laboratories. We have in particular cooperated

in the followino fields:
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1) Product analysis with M Tilquin, Université

Catholique de Louvain, Belgium. (13)

2) ESR studies of radiation damage at 26 K with

J Byberg, University of Aarhus, Denmark. (12)

3) Studies of polymer degradation with J Sohma

and M Tabata, Hokkaido University» Sapporo,

Japan. (11)

4) Studies of reactions in a flame with M Yoshida,

Hokkaido University, Sapporo, Japan (post doctor

«ork by 0 Claesson). (17, 18, 19)

5) ESR studies of radiation damage at 3 K with

L Kispert, University of Alabama, Tuscaloosa, USA

(visiting scientist work by P-0 Samskog). (5 - 7)

6) Solvation structure studies of localized electrons

with L Kevan, University of Houston (NSF coopera-

tion by A Lund).

7) Ab initio calculations of free radical structure

with S Lunell, University of Uppsala. (8)

8) Effect of radiation damage on crystal structure

data with R Liminga, University of Uppsala. (16)

9) Structure of the succinimidyl radical with L Eberson,

University of Lund. (8)

10) Optical absorption spectra of localized electrons

at 4 K with M OgasawartP*, Hokkaido University,

Sapporo, Japan. (14, 15)

Below follows an account of the results obtained.

4.2 Structure and reactions of organic cations (1,2,3)

Alkane cations have previously been observed at this

laboratory by means of pulse radiolysis of the liquids.

These studies were considered important by the nuclear

chemistry evaluation group appointed by NFR. The studies

gave no details either of the structure or the decay mechanism

of the ions. We have therefore studied in detail the structure
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of n-alkane and c-alkane cations stabilized in 1,1,1-tri-

fluoro-trichloroethane after irradiation at 77 K. With

this new matrix we have for the first time managed to

characterize the ground states of the c-pentane and c-

hexane cations using ESR spectroscopy and also obtained

new structural data for several n-alkane cations. In

addition a new decomposition reaction of the type

C"CnH2n
hv

-> 2" C4 H8 + Cn-4H2n-6 n = 5' 6' 7

c"CnH2n-2 + H2 n = 5' 6

has been detected to occur under photoillumination.

Improved ESR data have been obtained for several

of the alkyl substituted benzene cations first characterized

in this laboratory about ten years ago.

We consider that the most interesting results

obtained with this new matrix are concerned with the

structure and the reactions of several vinyl monomers. The

cations of acrolein, methylacrylate and several alkylmeta-

crylates have been characterized by ESR. The significance

of these results lies in the fact that these monomers may

polymerise by a cationic mechanism. Until now there has

been no data on the initiating species for this reaction.

4.3 Studies of radiation damage centres stabilized at

low temperatures (5-10, 12, 14, 15)

P-0 Samskog has been working during the past year

at the University of Alabama, Tuscaloosa (prof L D Kispert).

A waveguide and cavity system for low temperature measure-

ment (4 K) using a Janis Super Varitemp dewar has been

tested and improved. Using this system a study of trapped

electrons in trehalose and radical anions in halogenated

amides has been performed (4-7) . Succinimidyl is a member

of a class of radicals for which in principle two structures

are possible, either IT or o. In order to elucidate the ground

state structure, the succinimidyl radical was prepared by 26 K

X irradiation of succinimide and characterised by ESR spectro-

scopy at the same temperature. The results of a single crystal

study unambiguously demonstrated the TT electron character of

the radical.
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In the past a lot of work has been done on the

anions of different tarträtes. No evidence was found at

77 K for an oxidized species. We therefore investigated

some of these tartrates at 26 K and found that the 0H-

radical formed from water of crystallization is the only

observed oxidized species.

Pentaerythritol, C(CH2OH)4 is of interest as a model

compound to study electron trapping owing to the regularity

of the polarizable OH groups in the lattice. The trapped

electron was indeed detected at 77 K. In addition radical

pairs were found in an unusually high yield. Since only

one type of radical pair was detected we have proposed that

the hydrogen bonds direct the formation of the second radical

in the pair. Irradiation at 26 K results in the formation of

a different type of radical pair probably composed of an

alkoxy and a hydroxy alkyl radical.

Ola Claesson performed an experiment at Hokkaido Univer-

sity concerning localized electrons stabilized at low tempera-

tures, y-irradiation of crystalline n-alkanediols and some other

polyhydroxycompounds at 4.2 K produces optical absorption

peaks from localized electrons. Bleaching characteristics

and temperature effects were also studied.

4.4 Ionic species in polymethylmetacrylate (PMMA) (11)

In the experiments made until now on irradiated PMMA

only long lived species have been studied at temperatures

down to 77 K. No kinetic studies of the intermediate pro-

ducts have been made so far. In the present work we have

studied the kinetics of the species at ordinary temperatures

using pulse radiolysis and identified the species with ESR

at low temperature. An optical absorption at 440 nm was

observed and ascribed to the cation, and a new short-lived

absorption at 725 nm was ascribed to the anion. On photo-

bleaching both ions lose a CH3 radical.
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4.5 Theoretical studies of free radical structure (8)

A cooperation has been established with S Lunell at

the University of Uppsala, in order to do calculations of

the electronic structure of free radicals. This has been

done successfully in the case of the succinimidyl radical.

The collaboration continues.

4.6 ESR studies of free radical intermediates in the

gas phase (17)

0 Claesson has for the past two years been doing

post-doc studies at the laboratory of prof H Yoshida, Hokkaido

University in Sapporo, Japan. The main research has been

the detection of radicals produced during the combustion of

simple hydrocarbons, and the effect of additives on these

systems. A new burner and low pressure sampling/detection

system was constructed and tested. A second complementary

analysis system using a mass spectrometer was also constructed.

Equipment

The capability of our nanosecond pulse radiolysis

system has been increased by the installation of an equip-

ment for digital registration and analysis of the transients

observed. The main parts of this equipment (Tektronix

Controller Based Programmable Digitizer System W P 2250)

are a 7912 AD Programmable Digitizer, a controller (PDP-11103),

a display therminal and an x-y plotter.

Programs have been written in Tektronix SPS Basic

language to acquire and analyse the transient optical density

in terms of one or several first or second order kinetic

decays. This is done by a linear least squares analysis.

Special attention had to be paid to the problem of a fast

transient followed by a slowly decaying background. For

this purpose a nonlinear least squares analysis of the

transient signal was required. Programs have been written

to cover this case as well. This method of analysis has

been applied to the study of ionic species in PMMA.
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For the ESR studies we use a Varian E9 spectrometer

with microwave bridges for X and Q bands and cryostats for

measurements in the interval 4 - 300 K. An X-ray generator

for irradiation of the ESR samples has been installed during

the year. Irradiations can be made at 77 and 4 K. The

equipment consists of a Philips PW generator for 100 kV, an

X-ray tube with Au-anode and a shielded facility for the

irradiations.
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5. RADIOACTIVITY

5.1 Nuclear Spectroscopy

B Fogelberg

5.1.1 Levels_in __Gd_studied_in_the_j[niii__reaction

The experimental part of this study was completed

several years ago. The work was made by a collaboration

comprising research groups in Sweden, Denmark, Germany and

USA. The levels and the transitions between them were

studied very thoroughly for the region below 2.3 MeV excita-

tion energy. A report describing the experimental findings

as well as a detailed analysis of level properties has now

been published.

87
5.1.2 A_studY_of-the_densitY_of_unbound_levels_in Kr

This work, which is made in collaboration with research

groups in Oak Ridge and Mainz, was discussed in some detail

in last years' progress report. A few refinements of the

analysis have been made after this. These points concern
86the importance of the measured (n,Y) cross section of Kr

for astrophysical calculations and an evaluation of the
87

distribution of GT-strengch over levels in Kr, from the
87

decay of Br. Another, somewhat surprising result of the

additional analysis, is the observation that P3/2 resonances

have a statistically significant larger width than

resonances.

87
The main conclusions from this study of unbound levels

of Kr, using information from both neutron resonance reac-

tions and from y-ray and delayed neutron spectroscopy of
87Br + 87Kr are as follows:

(i) In the region comprising the first few hundred keV

over the neutron binding energy, the level density

is well described by the back shifted Fermi gas

formula with a level density parameter of 9.7 MeV-1
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(ii) The level density is the same for both parities.

(iii) Below the energy where f-wave neutron emission

becomes important, at about 250 - 300 keV over the

binding energy, it is possible to resolve practically

all levels with delayed neutron spectroscopy.

(iv) The population of excited states by beta transitions
87

from Br shows no appearant selectivity over that

of a reasonable distribution function such as the

Porter-Thomas distribution.

5.1.3

The heavy isotopes of Ce, with T^/2

only little studied. The decays of ^ 4 9

149 150
to yield valuable information on levels in ' Pr.

2)<, 5 s are so far

are expected

These

daughter nuclei, having neutron numbers of 89 and 90, are

situated on the border to deformation at N < 89 in the pre-

viously unexplored region of this border at Z < 59.

Elements in the lanthanide series cannot be processed

in the standard plasma ion source of the OSIRIS on-line

facility. They can,however,be separated as difluorides

The yields of

was found to be several thousand atoms/s which

is quite sufficient for nuclear spectroscopy studies. Mea-

surements of <-ray singles and yy-coincidence spectra have

been made so far. A more detailed investigation of the low

energy region of the spectra and of level half-lives are

planned for the near future. The work is made in collabora-

tion with the nuclear chemistry group at Chalmers University

of Technology.

using the techniques described in ref
149 150

5.1.4 Levels_and_transitign_grgbabilities_in
121

121
Ag

Cd

= 0*72 s)The decay of isotope separated
121

to levels of Cd has been studied at the OSIRIS facility.

Already during the early stages of the work, we observed that
121

the low lying level structure of Cd appearently was very
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different from that of 1 1 7 f l l 9Cd. A careful study of the

Y-ray, conversion electron and yr-coincidence spectra showed

the differences to be real and quite pronounced. Of special

interest are the properties of the 9-7/2 single quasi-particle

level and the 7/2~ and 9/2~ intruder states, shown in the

level systematics of fig. 1. The 9-7/2 level shows a de-

creasing energy when neutrons are added which is contrary

to the "normal" behaviour of quasi-particle levels present

well below the Fermi energy. It seems unlikely that this

trend is caused by an interaction and configuration mixing

with a possible ld3/282 /J/J* state, as the presently measured

transition probability for the 7/2 •*• 3/2 E2 transition

shows a hindrance of 3.8 relative the Weisskopf estimate.

A mechanism which can cause decreasing energies for

the 7/2+ levels in the heavier Cd isotopes, while retaining

their single quasi-particle nature, is a change of the spatial

symmetry for these nuclei. The special case of quadrupole

deformation have been investigated for odd-mass nuclei in
4)

the Cd-region by Imanishi et al. ' . Their calculations of

potential energies show that the excitation energies of the

7/2+ and, to lesser degree the 5/2 , levels are very sensitive

to small deformations, while the positions of the 1/2 and

3/2 states are not much affected. The calculations are thus

in qualitative agreement with the level systematics shown in

fig. 1, but give no clue as to why this possible deformation

effect suddenly becomes important for ' Cd.

An abrupt change in the level systematics of the

anomalous coupling states with 1^=7/2", 9/2~ is also clear

from fig. 1. This is somewhat unexpected, and hard to

reconcile with nuclear models which predict rather smooth

variations in the excitation energies of J-l and J-2 levels

when a particular shell is being filled. Any sudden change

in level energies will most probably have to be ascribed to

a change in the spatial symmetry of the nucleus. The fact

that a similar effect is seen for the g7/2 level indicates

that the symmetry change affects the entire nucleus.
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A report has been published5)

500

117 119 121

Fig. 1. Systematics of energy levels in heavy Cd isotopes,

Part A of the fig. shows the low lying levels

which are likely to carry the greater part of the

sl/2 d3/2' g7/2 an(* hll/2 s t r e n9 t n« T n e identi-

fication of the d5 IJ level in !
2*Cd is tentative.

In part B, the excitation energies of the lowest

lying negahive parity levels are shown relative

to the h-,, y- state. The sudden decrease in the
119 121

energy of the g 7 / 7 level in /X xcd and the in-

crease for the 7/2 and 9/2 levels in x':xCd are

probably the result of a change of spatial

symmetry for the heavy Cd isotopes.

5.1.5 Levels_in_|;^Sb_gogulated_in_the_deca^_of Sn

The level structure of Sb is of considerable interest
132

as this nucleus has one valence proton outside a closed Sn

core. The ground state of Sb is most probably the

level and the

excited states^'

and nn/2 levels nave been ° b s e r v e d as
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The present investigation of the decay of Sn included

a detailed study of the y-ray spectrum, a measurement of the

Q -value and measurements of (3-intensities. About 97 % of all
P

g-decays were observed to feed the ground state and the first

excited state. Approximately 25 higher excited states were

found in the region up to 6.3 MeV. A level at 2707.7 keV is

likely to be the d 3 / 2 single proton state. Levels at higher

energies may be hole states or core excited states.

The evaluation of the experimental results is near

completion. The work is made in collaboration with physicists

at the Research Institute for Physics, Stockholm.

5.1.6 The_sin2le_hole_nuclei In and Sn

Preliminary results from measurements of radiation

following the decay of In were discussed in last years

progress report. A number of subsequent measurements of

y-rays yy-coincidences, By-coincidences and level half-lives

have now been made. The resulting information on levels in

shows some very j

In addition to the previously known s.

Sn and also In shows some very interesting features.

'1/2' d3/2 a n d 97/2
levels the d-/:> level has been found at 1655 keV. Very

131tentativley, the h,, /- isomer in Sn is suggested at 242 keV.

At higher energies, between 4 and 5.5 MeV, a number of levels

are observed which probably are hole states coupled to excita-
132

tions of the Sn core. An interesting result is the dis-

covery of a third ^-decaying state of In, see fig. 2.

This g-decay feeds a high lying 0.3 ps isomer in 133 Sn and

also a level which is situated at least 1.3 MeV over the

neutron binding energy. The identification of the y-rays

following the decay of the new high-spin isomer was confirmed

through their enhancement in a y-ray spectrum of In measured*

at the ISOLDE facility, where high energy protons are used to

induce fission instead of thermal neutrons. An interpretation

of the high spin levels in In and Sn as two hole + one

particle states seem to be feasible. The work is made in

collaboration with physicists at the Research Institute for

Physics, Stockholm.

* We are much indepted to the ISOLDE collaboration for the

opportunity of studying this spectrum.
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5.1.7

The decays of the short lived isomers of ' Ag
114

and of Ag have been studied for determinations of QD-
P

values and of level properties in the daughter nuclei.

In 1 1 3' 1 1 5Cd, the half-lives of several excited states

were measured with the method of delayed coincidences.

The data analysis is still in an early stage.
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Fig. 2 A preliminary decay scheme for the three isomers of

In. From left to right are shown the single hole

states, a number of core excited states and the high

spin three-quasi-particle levels which latter are popu-

lated in the 6-decay of the high spin isomers. The

ground state of Sn, with an energy corresponding to

the neutron binding energy, is also shown.
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5.2 Nuclear chemistry

P Aagaard, K Aleklett, J Eriksen, P Hoff, L Jacobsson,

0 Johansson, E Lund, and G Rudstam

5.2.1 Introduction

The main research activity of the group has been

connected to studies of the properties of short-lived neutron-

rich nuclides produced at the isotope-separator-on-line faci-

lity OSIRIS. The programme includes determination of total

beta decay energies, nuclear spectroscopy, studies of delayed

neutrons, determination of fission yields including branching

ratios for gamma rays of fission products, and determination

of the antineutrinospectra at a nuclear reactor. The work in-

cludes also the development of OSIRIS, especially the construc-

tion of new target-ion source systems which is essential for

the whole programme. Part of the group ( Aleklett) is engaged

in studies of heavy-ion induced reactions which will be

discussed separately in Section 5.3.

5.2.2 Development of the OSIRIS facility

In the progress report of 1979 we described a new

development of the OSIRIS facility which makes possible the

processing of a number of elements earlier inaccessible at

OSIRIS. The method consists of adding carbon tetrafluoride

to the carrier gas to be introduced into the integrated

target-ion source This fluorination method has been used
149 iio

for y-spectroscopy of La, A**' ce and ±o Pr including

Y-singles and YY-coincidence measurements. This method has

also been used for Y-branching studies of Sr isotopes as a

complement to the fission yield determinations.

Some modifications of the target-ion source system

have been performed in order to extend the "life-time" of

the ion source also when exposed to carbon tetrafluoride.

The total running time of the isotope separator during

the period 1981-11-15--1982-11-15 was 759 hours of which

78 hours were used with the fluorination method.
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5.2.3 A high temperature target ion-source system

(in collaboration with M af Ugglas, AFI, Stockholm)

One of the most profitable methods for increasing the

yields of an ISOL-system equipped with a plasma ion-source

is to run the ion-source at a higher temperature. This

results in both considerably shorter delay times in the ion

source and in the production of ion beams of additional ele-

ments. The decrease in delay times is naturally of great

importance for the yields of very short-lived nuclei. It

is therefore expected that also the basic research programme

at OSIRIS will benefit from the special ion-source that is

now being developed at the order of The Swedish Nuclear Power

Inspectorate (SKI). The aim is to improve the elementary

data for some of the source terms related to the fission

product penetration through the "first barrier", the ceramic

UO2-matrix, in the case of nuclear fuel overheating. The

preliminary task so far has involved: 1) the construction

of an ISOL fuel-container for finely grained samples to

operate in the temperature region 1300-1900°C and 2) the

analysis of the relevance of the proposed measurements to

the reactor safety issue. It is expected that the container,

described below, will now make possible a systematic study

of some distinct (time- and temperature-differentiated)

mechanisms of the fission product transport in the fuel

such as: a) diffusion in the solid state, b) desorption

from the grain surfaces, c) diffusion along interconnected

voids and d) the release from void openings.

The literature analysis to find out how much this is

relevant to safety has been performed to make sure that the

area of parameter boundaries set by the ISOL-technique will

overlap with the most recent core melt scenario descriptions.

Another task is to see whether an improvement of the release

data base will be of significant value in the safety work.
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The area of parameters aimed at so far lies in the corner

where we have 1) a complete dry-out (no H-0), 2) a reducing

or an inert atmosphere (H, or N, respectively) and 3) with

elements of particular importance (Cs, Te).

The unusual feature of the ion-source construction is

that it has been mounted in a cartridge containing no less than

20 heat shields. The cartridge surface is very smooth so that

it can be shuttled into the reactor core. Both the shuttle

itself and its in-core "docking unit" are now completed for

test running. All units will be tested together in an iso-

tope separator at AFI (Frescati, Stockholm). The fuel con-

tainer volume is only 0.1 cm^. It is made of tungsten and

placed on a long ceramic rod to allow a remote handling as

simple and as safe as possible. The goal is to facilitate

a fast exchange of the fuel specimens. After fulfilment of

this preliminary study the main investigation aims at des-

cribing different release mechanisms for a number of nuclides

of importance. Already at present it has been foreseen in

the construction that an expansion of the fuel container

volume up to the size of standard LWR-pellets is necessary.

2)

5.2.4 Total beta decay energies and corresponding nuclear

spectroscopy

The experimental programme to map the nuclear mass

surface has continued. The earlier reported Qg-values of

neutron-rich silver and cadmium isotopes have been published
139 140

The evaluation of the decay of I and I is finished, and

the Q6-value of
 1 3 9I was found to be 6.6+0.2 and that of I

8.3+0.2 MeV3).

In these cases the total beta decay energies were

determined by means of a &-y coincidence method. The

Y-rays were detected by two Ge(Li) detectors coupled in a

multiplexing mode and the »-particles registered by a Si(Li)

detector system. The efficiency of this system is rather low
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and it is not. suitable for the most short-lived fission

products. Therefore more efficient systems have to be

developed. One possibility is to use a large volume plastic

scintillator for efficient detection of 8-particles. As a
114test case, the Qg-value of Ag was measured with a plastic

scintillator in coincidence with a Ge(Li) detector for y-ray

The efficiency and energy calibration of the system was per-

formed using the well-known beta end-point energies of
123,125. 114,

In produced at OSIRIS. The Q -value of Ag was

found to be 5.16+0.11 MeV in agreement with a value expected

from mass systematics.

Another possible way to increase the detection effi-

ciency is to use a large area planar HPGe detector for the

^-particles. This detector was initially intended for low

energy photon detection but preliminary tests showed that it

was applicable also to 6-detection. The absorbing material

between sample and detector amounts to 70 mg/cm , and the

detector resolution is 30 keV (FWHM) for 1 MeV B-particles.

The distance between sample and detector is 18 mm and the

efficiency of the system roughly 30 %. An advantage with

the HPGe detector is the possibility to use high energy

7-lines for the energy calibration. In this way the

highest energy B-branch of In was determined to 9.15±0.15

MeV. Tests have shown that the linearity of the system is

negligibly influenced by the presence of absorbing material

between sample and detector for 6-energies greater than

about 2 MeV. Further tests of the response function are

planned for the near future.

5.2.5 Delayed neutrons

(In collaboration with G Nyman and O Tengblad,

Chalmers Institute of Technology, Gothenburg)

A survey of delayed neutron spectra for a large

number of precursors was made many years ago at OSIRIS.

These measurements gave a good overall picture of the neutron

spectra, but did not inc]ude too many details. The delayed
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neutron spectra have now been measured for Ga, Sn,

' Sb and Te using a spectrometer consisting of two

He-filled proportional counters (Seforad FNS 111, 112,

belonging to the ISOLDE group, CERN, Geneva). Their effi-

ciency have been determined by means of (p,n) reactions in

Fe and V using the proton beam from the Van de Graaff

accelerator at Studsvik. The response function of the

spectrometer was studied in detail using the reaction

Li(p,n) Be for neutron energies in the interval 0.13-3 MeV.

The spectra now obtained for 8 2Ga, 1 3 4Sn, 1 3 5Sb and 1 3 6Te

were much superior to those obtained previously using a

single He spectrometer with less good response function.

It was also possible to separate the contributions from

respectively Sn, Sb and Sb, Te for the A=134 and A=136

isobars, using different cycles for sample collections and

measurements. The data analysis is not yet finished.

A final feasibility test of delayed neutron spectro-

scopy using the time-of-flight method has also been performed.

With a scintillator of Li loaded glass for neutron detection,

the method was found to be barely possible, but not practical

due to the high ^-sensitivity and poor timing characteristics

of the scintillator. The running times required to obtain

well defined neutron peaks over the high background of random

events are therefore unreasonably long.

5.2.6 Fission yields

A series of experiments with the intention to determine
235

the yields of fission products from thermal fission of U

was carried out at the end of 1980. The analysis of these

data is not yet completed. The technique involves the mea-

surement of mass separated samples during collection by means

of gamma-spectroscopy and delayed-neutron counting. If the

branching ratios of the gamma-rays or the delayed neutrons

(i.e. the number of gamma-rays of a given energy, or the

number of delayed neutrons, per disintegration) are known,

the abundance of the various isobars in the samples can be

deduced from the measurements.These abundances can then be

converted to fission yields provided that a correction for
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nuclear decay during the delay between the production in

the target and the collection at the detector position can

be carried out. A series of measurements of the delay was

reported in the Progress Report of 1981. A complementary

method to determine the delay parameters has now been deve-

loped. The first step is to determine which release mechanism

is the time-controlling one, diffusion through the target

material or desorption from the surfaces in the integrated

target-ion source system of OSIRIS. This can be done if an

approximate set of yield values covering a wide half-life

range is already known from other measurements. A comparison

then defines a factor which corrects the yield of a specified

nuclide for the decay during the delay, and this correction

factor depends on the half-life of the nuclide. A theoretical

analysis shows that, for short half-lives, the correction

factor is proportional to the decay constant (A) if desorption

is the time-controlling step and proportional to the square

root of the decay constant if the release is controlled by

diffusion. Thus, a study of the shape of the correction

factor versus the decay constant function for large A-values

may be used for a determination cf the time-controlling

release mechanism. This method has been used to prove that

the release of bromine, rubidium, tellurium, iodine, and

cesium is governed by desorption and that the release of

krypton and xenon is governed by diffusion. Other cases

are more difficult to determine, and the analysis is not

yet completed. Fortunately, the resulting yield distribution

for isotopes of certain elements is not very sensitive to the

assumption about the release mechanism.

Both the diffusion and the desorption mechanisms can

be described by formulas containing essentially two parameters,

of which one is an apparatus constant and the other either

the diffusion constant or a desorption constant. In order

to determine the diffusion (or desorption) constant it is

sufficient to normalize two of the uncorrected yields against

well-known fission yields. The isotopes chosen for such a

normalization should have widely different half-lives, one
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being long and the other short compared to the delay. A

determination of the delay parameters by this method

usually leads to values which are less precise than the

study of the delay reported last year, but a great advantage

is that the measurement is done under tha same ion-source

conditions as the yield measurements.

An extensive literature search for gamma-ray branching

ratios revealed that many published values are doubtful. In

addition, there are many cases where no branching ratios are

known. This has prompted us to carry out a complementary

project consisting of the determination of the branching

ratios for most of the gamma-rays used in the evaluation of

the fission yields (cf. Section 5.2.7). As this study is

not yet completed, we have not been able to make a final

analysis of the fission yields although a preliminary analysis

has been carried out using available data. It is likely

that many of the resulting yields will have to be adjusted

as soon as the branching ratio experiment comes to an end.

In the meantime a preliminary "progress report" has been

worked out in the form of an internal report consisting of

two parts, one describing the experimental methods and the

treatment of data and the other presenting the preliminary

yields

The fission experiment is very extensive with a total

of 40 fission yields (including 3 yields of isomeric states)

in the light mass region and 93 fission yields (including

yields of 33 isomeric states) in the heavy mass region.

Among all these yields 61 have not been reported before.

Especially interesting is the great number of isomeric yields,

Until now, the partition of the isotopic yield on isomeric

states is known for very few cases only. The present work

considerably extends this knowledge. A systematic study of

the spin dependence of the isomeric yields is outlined in

the above-mentioned report.
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The cases for which isomeric yields have been studied

are listed beiow:

8 4 mBr, 8 5 mKr, 9 O mRb - 90Rb, 1 1 3 % , 1 1 5 mAg - 1 1 5Ag,

116mAg . 116Ag/ 117mAg _

120mAg _ 120Ag/ 119mcd . c d f c d . c d f

1 2 0 LIn - 1 2 0 MIn - 1 2 0 HIn (L, M, H stand for low, medium

and high spin), 1 2 2 LIn - 1 2 2 MIn - 1 2 2 HIn, 1 2 3 mIn - 1 2 3In,

124LIn . 124HIn/ 126LIn . ^ I n . ^

128L_ 128H_ 129m_ 129_ 130L- 130M- 130H,In - In, In - In, In - In - in,

1 2 9 mSn - 1 2 9Sn, 1 2 8 mSb, 1 3 0 mSb - 1 3 0Sb, 1 3 2 mSb - 1 3 2Sb,

134m, 134_ 136m_ 136T

5.2.7 Gamma-ray branching ratios

Since it became evident that many branching ratios

were only known with an unsatisfactory precision, a special

project was started to determine the relevant branching

ratios with an acceptable accuracy.

The standard method for determining the branching

ratios is concurrent measurements of the beta-decay and the

intensity of the y-peaks. The efficiency of the Ge(Li)~

detector for y-registration is determined with a set of

standard sources ( Eu, Ba and Co). The efficiency of

the plastic scintillator for beta-detection is determined

using the By-coincidence method with OSIRIS-produced neutron-

rich indium and tin isotopes. The accuracy of the efficiency

calibration of the y-detector is better than 5 % while the

6-efficiency is about 5 % for mean beta energies above 1 MeV.

For mean beta energies below that value the efficiency curve

of the detector is not sufficiantly accurate, and the e-

efficiency has to be determined for each nuclide using the

By-coincidenne method.

1
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The determination of the beta activity for each

nuclide is based on resolving the composite beta decay curves of

the isobars. In some cases the half-lives of the members

of the mass chain differ too little to make such a decomposi-

tion possible. Complicated isomerism also makes the stan-

dard procedure less accurate. Therefore a new approach for the

determination of gamma branching ratios is being tested.

It is a combination of the By-coincidence method and beta

and gamma activity determinations for each nuclide in the

mass chain. For this method an automatization of the

collection, counting and transportation of the samples is

needed.

Until now the gamma branching ratios for about 60

nuclides have been determined using the standard procedure.

Another 10 nuclides involved in the fission yield deter-

minations are delayed neutron precursors, and the

neutron branching ratios ' 'are used in the calculations.

Still about 60 gamma branching ratios remain to be deter-

mined using more sophisticated methods. With the extension

mentioned above we hope to be able to determine most of them.

5.2.8 Critical examination of the basis for the anti-

neutrino energy spectrum used in interpreting

neutrino experiments at nuclear reactors

The antineutrino spectrum emitted from decaying fission

products in a nuclear reactor has recently become an interes-

ting topic. The reason is that it is used in interpreting

certain antineutrino induced reactions in deuterium, for

instance

v + D - > n

Z + D - > n

(charged current)

(neutral current)
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The ratio between the cross section (o ) for the charged

current reaction and that (ö ) for the neutral current
nc

reaction, both averaged over the antineutrino energy

spectrum, has been measured by F Reines, H W Sobel, and

E Pasierb who aet

cc

nc

= 0.167 ± 0.093.

These average cross sections can be derived theoretically,

provided that the antineutrino spectrum is known. Such an

analysis, carried out by Avignone* , gives ratios 0.44

using the Avignone-80 spectrum ' or 0.42 using D vis-79

spectrum . The fact that the theoretical cross section

ratio is considerably larger than the experimental one has

been taken as an indication of neutrino oscillations. Another

neutrino state than vg cannot cause the charged current reac-

tion but well the neutral current one. Thus the theoretical

ratio is too large if oscillations exist.

Before one accepts this far-reaching conclusion about

neutrino oscillations it is necessary to test the sensitivity

of the theoretical ratio to the antineutrino spectrum, which

is the weak point in the calculations. A third evaluation,

Rudstam-79 gives the ratio 0.44, thus essentially in

agreement with the other two above-mentioned spectra. The

fact that three of the most recent spectra give similar

results cannot be taken as proof, however, that the anti-

neutrino spectrum is well established for high energies

(above 5-6 MeV). The reason is that these evaluations are

interrelated. For higher energies they all use the empirical

finding that the beta strength to excited states in the

daughter nucleus is roughly proportional to the level density.

Thus, there is no surprise that the evaluations produce very

similar antineutrino spectra. It may well be that the high

energy part of the antineutrino spectrum is dominated by
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relatively few fission products (with high Qo-values and,

at the same time, reasonably high fission yields), and

those nuclides may deviate appreciably from the average

behaviour. Thus, there is a strong motivation for deter-

mining the antineutrino spectrum of a few selected nuclides

among the fission products as accurately as possible in

order to see whether the shape of the composite antineutrino

spectrum needs adjustments at the high energy end,and an

experiment along these lines has recently been started as

a collaboration between the ISOLDE and OSIRIS groups.

The method proposed is to measure accurately and with

good statistics the complete beta-spectrum of a set of 20

important fission products, and to deduce the antineutrino

spectra from these beta spectra. The measuring techniques

are similar to those used in the OSIRIS experiment on
18)

average beta-ray energies of short-lived fission products

The set of fission products chosen for the study

consists of:

82Ga, 8 4As, 8 5As, 8 6As, 8 7As, 8 8Br, 8 9Br, 90Br, 92Br, 92Rb,

93Rb, 94Rb, 96Rb, 9 8Y, 1 0 0 Y , 1 3 1Sn, 1 3 4 mSb, 1 3 6 I , 1 4 0Cs,

142
and Cs. This set of nuclides should give a firm basis

for the evaluation of the antineutrino spectrum above 5 MeV.

The first run was performed in December 1982 when essentially

rubidium and cesium isotopes and their daughters were studied,

The experiments will continue at CERN with studies of bromine

and iodine isotopes using an ion source with negative surface

ionization. Gallium, indium,and heavier yttrium isotopes

will be studied at OSIRIS. The data analysis will be done

both at CERN and at Studsvik.
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5.3 Intermediate and Relativistic Energy Heavy Ion

Research

K Aleklett

(in collaboration with research groups at Lawrence

Berkeley Laboratory and Oregon State University)

5.3.1 In troduc t ion

In this report we summarize the highlights of the work

done between 1 January 1982 and 31 December 1982. The work

reported is the result of a collaborative effort involving

G T Seaborg and his research group at Lawrence Berkeley

Laboratory (LBL), Berkeley, California, USA, W D Loveland

and his group at Oregon State University, Oregon, USA, and

ourselves. Some of the work reported herein is in its preli-

minary stages and use of the data contained in these prelimi-

nary reports should be made only after consultation with the

authors.

5.3.2 Target_ Fragment_Angular_Distributions_ in_ the_ reaction

Last year we reported the first preliminary results of

our attempts to measure the target fragment angular distribu-
19 197 238

tions for the interaction of 86 MeV/u C with Au and U.

During the past year we have continued our efforts to complete

these measurements. We have carefully reanalyzed the y-ray

spectral data to resolve ambiguities in the crude analysis

used previously. We have also carefully remeasured the target

thicknesses used in the experiment by neutron activation ana-

lysis and a-particle spectrometry, allowing the deduction of

absolute differential cross sections rather than the relative

cross sections reported previously. We now have data repre-

senting, for example, complete fragment angular distributions

(0-180°) for 76 different fragments produced in the inter-

action of 85 MeV/u i2C with 1 Au. Angular distributions for

8 typical fragments from this reaction are shown in Figures

1 and 2. No corrections have been made to these data for the

finite beam spot size, finite angular resolution of the

recoil catchers or the effect of scattering or stopping of
2

the fragments in the ^22 5 mg/cm Au target.
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Previously we had measured the recoil properties of the
12 197

fragments from the reaction of 84 MeV/u C with Au and

had analyzed them in terms of the two step vector model.

We can use the angular distribution data to test the vali-

dity of this simple model. In Figure 3, we compare the

measured angular distributions for the medium mass fragments
74As, 89Zr and 95Zr (from the reaction of 84 MeV/u 12C with
197

Au) with calculations of these angular distributions based

upon the two-step vector model and the previously measured

recoil data. The agreement between the data and the calcula-

tions seems quite satisfactory. Comparison of the angular
89 95

distributions of Zr and Zr shows that the known decrease

in F/B as the fragment N/Z increases is due not simply to a

lessening in the forward~peaked character of the distribution

but to a change in the shape of the distribution (F and B

are the fraction of target fragments recoiling forward and

backward, respectively, from a target of thickness W ) .

The backward peaks in these distributions can be understood

in terms of a significant anisotropy introduced in the second

step of the reaction overcoming a weak forward kick given the

fragment in the first step of the reaction. The Zr and Zr

angular distributions might typify the high and low multi-

plicity components, respectively, of the mass 80-100 fragments

The heavier fragment (A > 145) angular distributions

(Figure 2) show extremely large anisotropies. However, cal-

culations based upon the fragment recoil properties measured

previously would indicate that significant absorption of

the fragments moving sidewise and backward occurs and that

this phenomenon may have contributed to observed anisotropies.

To further check on this possibility and to better define it

quantitatively, we have repeated our measurement of the frag-

ment angular distributions for the reaction of 85 MeV/u C
with 197,Au using a thinner Au target, i.e., one of thickness

2
^ 90 mg/cm . These data are being analyzed.

The light fragment (A < 60) angular distributions

(Figure 1) show unusual forward and backward peaking. Clearly

one must be cautious about such peaks because they could

also be produced by spallation of heavier impurities (such

as Fe) in the most forward and backward catcher foils.



- 81 -

Several arguments, however, do support the exclusion of this

effect. Blank foils from the same lot as the catcher foils
2)

used were irradiated in the C beam at a time similar to

the angular distribution measurement,and although some light

products from the spallation of foil impurities were seen,

the relative isotopic cross sections were very different

from those observed here. Based upon this measurement, upper

limits of "contaminant" activities in the most forward catcher

foil of < 10 % could be set. The light fragment F/B ratios

obtained by integrating the angular distributions agreed

well with thick target-thick catcher measurements made with

ultra high purity catcher foils. Finally the most backward

catcher foil should have been completely out of the beam

based on observations of beam spot size, etc. Because of

the unexpected character of these results for the light frag-

ments, their angular distribution was remeasured using ultra

pure catcher foils and analyses of these data are in progress.

5.3.3 Au Target Fragmentation at Intermediate Energies

We reported previously the preliminary results of

a survey of the energy dependence of Au target fragmentation

at projectile energies from 7 to 2100 MeV/u. During the

past year we have continued our analysis of these data and

have uncovered other interesting relationships. We had

previously shown how the fractional momentum transfer to the

Au nucleus varies with projectile energy in heavy ion Au
3 4 5)

collisions. Since tnis measurement, a number of authors ' '

have reported similar survey measurements of the linear momen-

tum transfer in heavy ion reactions at intermediate energies.

Galin et a_l. , in particular, have reported evidence for a

limiting momentum transfer, p n
 n s, of ^ 2 GeV/c for the

12
reactions of 30-84 MeV/u C with U,Au and Ni. There has

been much interest in the significance of this limiting

value of p 1 1
t r a n S -

If we consider those fragments with A = 80-100 as

arising from a binary fission process, we can derive a mea-

sure of the dependence of p,, upon projectile energy
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for the events leading to these fragments. These deduced

data are shown in Figure 4. The results for the energy

region of 18-84 MeV/u are in good agreement with the data

of Galin £t a^. . We can also deduce the primary momentum

transfer p,. r a n s of the target residue for spallation

events by assuming that events with A > 140 result from a

spallation process. These data are also shown in Figure 4.

Upon examining this data one can see that for a given nucleus

the exit channel of the reaction affects the maximum momentum

that can be transferred. For the case of the Au target nucleus,

spallation results from an apparently "softer" collision than

fission.

At higher energies (E . > 250 MeV/u), the yields

of the target fragments are well described by a number of

models for the reaction such as the intranuclear cascade

model7) the firestreak model8) etc.

Considerable interest has been expressed in under-

standing the mechanism(s) responsible for the production of

light (A < 60) fragments in Au target fragmentation. The
9)Purdue-Fermilab collaboration has pointed out that the

yields of the light fragments in high energy proton-nucleus

interactions follow a power law dependence possibly indica-

tive of a vapour-liquid phase transition . Gutbrod e_t al.

have shown that such a power law dependence describes the yields

of fragments with A < 24 in the interaction of 2.1 GeV/u

heavy ions with Au (an observation which can be extended

to A = 60 using the radiochemical data). In Figure 5, we

show the excitation functions and projectile energy depen-

dence of the fragment kinetic energies for typical A = 40-50

fragments from Au target fragmentation. The excitation func-

tions are quite broad,and the kinetic energies of the

fragments vary greatly over the projectile energy region

shown, consistent with the idea of more than one mechanism

contributing to the production of these fragments.

11)
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5.3.4 Ta Target Fragmentation at Intermediate Energies

In studies of heavy target (Au,U) fragmentation at

intermediate energies, a significant fraction of the reaction

cross section goes into fission. While the study of this

process is interesting in its own right, the occurence of

fission makes it more difficult to study the spallation and

fragmentation processes using single particle inclusive tech-

niques. Fission depletes yields of products resulting from

other mechanisms and may mask the occurrence of other pro-

cesses where their probability is low. For example, very

deep spallation of a heavy target may produce fragments

with the same Z and A as heavy fission fragments. While

it is possible to untangle these effects with detailed

measurements, it would also be useful to avoid them by using

targets of lower fissionability, such as Ta.

We have measured the target fragment recoil proper-

ties in the interaction of 75, 80, and 85 MeV/u C and

107 MeV/u 0 with Ta using the tick target-thick catcher

recoil technique along with measuring the fragment differen-
12 181

tial ranges for the interaction of 85 MeV/u C with Ta.

As an indication of the character of the data we show, in

Figure 6, the general variation of the fragment recoil para-

meters F/B and 2W (F+B) with product mass number for the
12 181

reaction of 85 MeV/u C with Ta. Also shown in Figure 6

is the equivalent data for the reaction of 8 GeV Ne
181

with Ta. As seen from the data of Figure 6, the effects

of decreasing the projectile energy from 8 GeV to 1 GeV are

to increase the pseudo-fragment ranges 2W(F+B) for all pro-

ducts, and to enhance the F/B ratios for heavy spallation

products while the F/B ratios for light and medium mass

products remain almost unchanged.
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5.3.5 Target_Fragment_Kineinatics _in_the_Interaction_of

We have measured the target-fragment kinematic pro-

perties for the interaction of 9<: .AeV/u 20Ne and 107 MeV/u 0
1 Q 7

Au using the facilitie of the CERN SC synchrocyclo-with

tron.

The fragment rec.-j"! properties were measured using the

thick target-thick c? ner technique. Preliminary analysis

of the data to yie7,/ r.he target-fragment recoil properties has

been completed v . ̂ ^ the final transformation of the recoil

properties into momenta, energies, etc., is in progress. We

can compare the values of the fragment recoil parameters,

F/B and 2W(F+B), for the interaction of 94 MeV/u (1880 MeV) 20Ne

and 107 MeV/u (1712 MeV) 1 6O with 1 9 7Au with those values

measured previously8* for the interaction of 84 MeV/u (1008 MeV) C
197

with Au. We find for the higher projectile energies that

the values of the F/B ratio are larger than those observed

at the lower energy while the values of 2W(F+B) (the pseudo-

range of the fragment) appear to decrease with increasing

total projectile energy.

5.3.6 TransgarencY_in_Heavy_Ion;HeavY_Nucleus_Nuclear

Collisions

Using the total radioactive residue production cross

section as a lower limit of the total reaction cross section,

we are able to conclude that these lower limit total reaction

cross sections (for the 20Ne + 1 8 lTa reaction) remain in-

variant with projectile energy from 20 to 2100 MeV/u, in

agreement with predictions of De Vries and Peng (see Figure 7;

filled circles). As an explanation of these data we noted that,
181

for a heavy nucleus such as Ta, transparency effects asso-

ciated with nuclear surface phenomena would not be expected

to be large.
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We were quite surprised, therefore, to read the report of

Buenerd et al. ' that in a study of the elastic scattering

of 86 MeV/u 1 2C from 2 0 8Pb, a transparency of 42 % in the

total reaction cross section was deduced from an optical

model analysis of the data. We therefore used the measured

fragment yields for the interaction of 45 and
12 197

84 MeV/u C with Au to deduce isobaric yields for these

reactions and from them (A > 40) deduce lower limits for the

total reaction cross section for projectiles of these ener-

gies interacting with heavy targets. Our results are shown

as open circles in Figure (We have assumed that o *<(A ' +
1/3 2 1 2 1 9 7 "

Afc ' ) to scale the results for the C + Au reaction to

the Ne + Ta reaction). No indication is seen for an

unusual transparency in these lower limit cross sections at

the intermediate energies. Since the "lower limit" cross

sections are ^ 8 0 % of the geometrical cross section, it

seems clear that the portion of the total reaction cross

section not measured by the radioactive residue cross sec-

tion (inelastic scattering, multiple fragment breakup, etc)

are not the cause of the discrepancy between the measurements.
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Figure captions

1. Fragment angular distributions for light fragments
12

resulting from the interaction of 85 MeV/u C
197

with 'AU.

2. Fragment angular distributions for heavy fragments

resulting from the interaction of 85 MeV/u C
197

with 'Au.

3. Typical medium mass fragment angular distributions
15 1 Q7

from the interaction of 86 MeV/u C with Au.

The experimental data are shown as filled circles

while calculations of the fragment distributions

based upon the two-step vector model and previously

measured fragment recoil data are shown as solid

lines.

4. Variation with projectile energy of the linear mo-

mentum transfer to the Au nucleus in the reaction

of heavy ions with Au.

5. Dependence on the projectile energy of light fragment

a) kinetic energies and b) production cross sections

for typical light fragments produced in the inter-
197action of heavy ions with Au.

6. Variation of target fragment recoil properties with

fragment mass number for the interaction of 85 MeV/u
1 2C and 400 MeV/u 20Ne with 1 8 1Ta.

7. The dependence of the total reaction cross section
20 181

for the Ne + Ta reaction upon projectine energy.

The closed circles represent the data of ref. ,

the open circles this work.
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6. THEORY

6.1 Simulation studies of condensed matter

I Ebbsjö, T Kinell and I Waller

6.1.1 Introduction

Computer experiments give a link between the inter-

particle forces in a model system of condensed matter and

the "measureable" properties of the model system. In most

studies one assumes pair wise interactions and for the cases

where these are considered realistic, comparison may be done

with results from measurements on real samples.

Much of the work has been devoted to the calculation

of dynamical structure factors which are relevant to neutron

scattering studies. But also the calculation of more

accessible properties such as the self-diffusion coefficient

and the compressibility are important in the judgement of

how realistic the chosen interaction in the simulation is.

6.1.2 Rubidium

The analysis of the properties of supercooled liquid

rubidium has been continued during the year. This project

is done by Thomas Kinell in cooperation with dr S W Lovesey,

Rutherford Appleton Laboratories, England. Calculations for

four systems with different temperatures and densities have

been done on the CRAY-1 computer in Daresbury.

A common feature of all properties studied so far is

that they are all liquidlike even when we supercool down to

85 degrees below the melting point. The pair distribution

functions show an increased structure as the temperature is

decreased,and at the lowest temperature we observe no extra

peaks as in amorphous structures. The height of the main

peak in the static structure factor increases with about

20 %. The compressibility has not yet been evaluated.
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The selfdiffusion coefficient D is calculated both from the

squared displacement function (SDF) and the velocity auto-

correlation function (VAF).D is 2.2-10~9m2/s at the melting
—9 2point and drops to about 0.8*10 m /s at 85 degrees below

the melting point. For large times the SDF should become a

straight line, but we do not observe this behaviour although

we have calculated the SDF out to 8 ps (the first zero in

VAF is ~0.3 ps). For all our systems including the one at

the melting point the SDF bends downwards for large times.

This behaviour is consistent with the D calculated by the

integration of VAF. The nearest neighbour configuration

around an average particle (in a liquid about 12) have also

been studied as a function of time. This could give us

more insight in the microscopic diffusion process. The

temperature dependence of VAF is rather weak, and the fre-

quency spectrum of VAF shows no tendency of increasing high

frequency components as we supercool the liquid.

Finally we have calculated the coherent intermediate

scattering function for 20 q-vectors corresponding to 12

different q-values up to the position of the main peak in

the static structure factor. The dynamical structure factor

S(q,w) will be evaluated by Fourier transforming the inter-

mediate scattering function.

6.1.3 Sodium

The simulation of liquid sodium at 400 K is done in

close connection with the neutron scattering experiment on

this element at the R2-reactor in Studsvik (U Dahlborg and

O Söderström).

The first principal aim was to calculate the coherent

and the incoherent dynamical structure factors to be used

for the multiple scattering corrections of the experimental

data. These factors are obtained by Fourier transformation

of the intermediate scattering functions which have been

calculated for 37 magnitudes of the wave vector in the wide

range 0.23 < q < 8.84 A" . The lower limit is governed by

the size of the cubic box used in the simulation and the
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upper limit is rather large as the position of the main

peak of the static structure factor is about 2.0 A" .

For the interaction between the particles a pair po-

tential due to R Taylor is used. This interionic potential

is calculated via pseudopotential theory by guidance of the

charge density induced by an isolated ion in an electron gas.

Position- and velocity-data have been calculated for

two systems, each consisting of 500 particles in a cubic

box of side L ~ 27.5 A. One system with 1440 configurations
-14

with the time step At = 2-10 s and a cut-off distance

r = 7.3 A in the interaction. Then about 40 particles are

within the interaction sphere, and the distance r is chosen

to give a negligible force at the surface of the sphere.

The other system has been followed to give 2880 configurations
-14

with At = 1*10 s and r = 10.03 A (this r is recommended
c c

by R Taylor).

The total time is thus about 29 ps for both systems.

So far we have not seen any significant difference between

the results for the two systems. (The energy conservation
-14

is better for the system with At = 1-10 s)

For the self-diffusion coefficient we obtain
-9 2

D ~ 5.5*10 m /s which compares well with the experimental

result (Larsson, Roxbergh and Lodding 1972) .

From the long wave limit of the static structure

factor we obtain a value of the isothermal compressibility

which is about 15 % larger than reported from experiments

(CL Lu 1975) .

The velocity of sound obtained from the position of

the Brillouin peak, seen in the coherent dynamical structure

factor for small values of the wave vector, is only 5 %

above the experimental result (Pochapsky 1951).

From the fluctuations in temperature we obtain

c ~ 3.2 k_/ion but this result we consider rather uncertain.
V o
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For the Monte Carlo calculation of the pontribution

from multiple scattering in the sample the Gaussian approxi-

mation for the incoherent dynamical structure factor was

considered adequate. This is obtained by Fourier trans-

forming an approximate form for the incoherent intermediate

scattering function F_(q,t) in which the squared displacement
s

function from the simulation of liquid sodium is used.

More detailed calculations of Fg(q,t), both directly

from the position data as well as the calculation of terms

in a cumulant expansion of F (q,t), shows that the Gaussian
5

approximation may give a width at half maximum of S (q,w)
s

that deviates up to 20 % from the more complete calculation.

Our result on the coherent dynamical structure factor

has been sent to dr W Gläser, MUnchen, who recently has done

measurements at ILL, Grenoble.

6.1.4 Qther_activities

Dr M Davidovic, Belgrade, wanted the selfdiffusion

coefficients for copper at two high temperatures. We have

tried to get these values by computer simulation. By using

experimental data on the static structure data at 1393 and

1833 K (Eder et al. 1980) we calculated an effective pair

potential from a theory on the relationship between the

structure and forces in liquid metals (Angelis and March

1977, without second order term). But the pair distribution

function from the simulation at 1400 K had its position for

the main peak displaced with about 0.15 A to a smaller

distance than that obtained from the static structure factor.

This indicates that the interaction was not correct, and the

results on the selfdiffusion coefficients must be considered

as very preliminary.

There is an exact relationship between the interaction

$(r), the pair distribution function g(r) and the three body

distribution function in a system with pair wise forces.

On the request of prof N H March, Oxford, we have evaluated

the function f(r) = g'fr) + g(r). <j/(r)/kBT for our computer
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simulated sodium with the result that showed less structure

than earlier evaluations. Here our method to evaluate g(r)

with continuity conditions consistent with the statistical

uncertainties in the bins of the histogram on the inter-

particle distances is essential (report NPL-30 1981) . The

project is promising because improvements in the superposition

approximation of the three body distribution function may be

more clearly indicated.
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