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Program A

The experimental research in nuclear spectrosccpy is performed at the

tandem accelerator at Uppsala.and the cyclotrons at Abo and Stockholm. fiuclesr

spectroscopy studies are performed mainly of nuclei in two mass regions, A = 15 - 30

and A = 80 - 90. Conventional -f-ray and particle spectroscopy methods are used.

At the tandem laboratory, we"have two permanent facilities, one double focusing,

heavy particle spectrometer and one scattering chamber for solid state particle

detectors with an angular correlation table for Ge(Li)-gamma detectors. Together

with a neutron tinie-of-flight system they constitute a versatile and efficient

experimental set up to study nuclear reactions and particle-gamma correlations.

The reaction mechanism in a-particle and heavy ion initiated compound nuclear

reactions is studied in experiments where the average number of photons (7 -ray

multiplicity) in the y-cascades are studied. Experiments of this kind have been
IP

performed in Uppsala U , P Y ) - and (u,n-,)-reactions and in Stockholm ( C-initiated
reactions). A spectrometer for identification of particles resulting from reactions

initiated by high-energetic heavy ions from the Stockholm cyclotron hčs been deve-

loped and tested. However, this facility is not planned to be used until a new

-Mi-il a re it for the cyclotron will be ready in the end of 1977.



Program B

Nuclear techniques can be conveniently used for trace element analysis by

X-ray fluorescence. The facilities at hand in Göteborg - an old Van ďe Graaff

accelerator, a'PDP-11 computer, detectors, mul ti-channel analyzers and other

electronic units - are suitable for both proton- and phntoninduced X-ray analysis.

The applications can extend over vast fields, from archeologie and geologic objects

and objects of technical importance, like alloys to environmental pollutants and

biological samples. In the past year the main interest has been directed towards

projects in medicine and environment.

Program C

Projectiles transmitted through thin foils will appear with a broad

distribution of charged and excited states. The radiation emitted at

deexcitation gives information about the atomic structure of the projec-

tiles as well as about the collisions! mechanisms during the foil pene-

tration. The transmitted projectiles constitute in many respects an

unique light source. There are no selection rules preventing any state .

to be populated, the excitation moment is extremely well determined

(fvlO s) and double excited and hydrogen like levels are prominently

populated. Coherent excitation also occur in some cases. These proper-

ties have been used for a wide variety of experiments, which are mainly dona

on the 400 kV isotope separator at the Research Institue for Physics in Stockholm.

A. N U C L E A R S T R U C T U R E

Al. Studies of nuciear reactions and structure of nuclei around mass

number 25. (AFR 0191-031, 0191-033)

JjE. Christiansson, J. Dubois, and H. Roth

Levels in 2 5Hg and 2 5A1

The analysis of the experimental data (1) and the theoretical calculations

using the collective model on levels in 2514g and 2 5A1 have been completed. The

second 9/2 level at about 4 MeV excitation energy is the lowest lying level

which cannot be fitted into the strong coupling rotational model. It has instead

been suggested to have vibrational character (2). More specifically the structure

of the level is suggested to arise from coupling a Y-vibration to the ground state

band. The second yj - l/2+ band may have an equivalent origin.

In the calculation of the relative energy of the band heads in a static

spheroidal potential it is disappointing to find tl»:t the ililsson orbits do not



appear in the order experimentally established. Orbit 9 is calculated to be well

belov; orbit 14 and 5 and thus implies 1/2 ground state of J!!g and -ftl. This

calcualtion was, however, done with Nilssons original assumption that the constant

v = 0 for the main shells U - 0, 1 and 2 and Vi = 0.35 for N = 3. We have recal-

culated the energy levels but have instead used an average y-value equal to 0.187

for the three lowest shells. In this way the position of orbit 5 comes slightly

below orbit 9 and gives the correct spins and parities of 5/2 and 1/2 for the

'ground state .and first excited state respectively.

Furthermore the calculations suggest that there is a large energy gap

between orbits 5 and 11. Both orbits 14 and 7 should appear at lower excitation •

energies than orbit 11. This is in contradiction to the traditional interpre-

tation of the Nilsson levels and favours the suggestion that the second K11 = 1/2

band at about 2.5 MeV could indeed have another intrinsic structure. It remains

then to find a good candidate for orbit 11. The only reasonable choice is the

1/2 level at 5476 keV in Mg. It is strongly populated in the (d,p) stripping

• reaction and its energy is well above the band heads of orbits 14 and 7. Further-

more the corresponding level in Al at 5280 keV has a large proton width revealing
24its structure as a single particle with 1 = 0 outside the Mg core. .The level is

at sich high excitation energy that at present it is difficult to identify any

of its rotational members among the large amount of levels.above 5.5 MeV.

In the level scheme (fig. 1) we include the assignments of the vibrational

states and the Nilsson orbits together with their associated rotational bands.

We also suggest that the hole state originating from Nilsson orbit 4 should be.at
°55116 keV in Mg. The justification for such an assignment is that the 5116

and 4722 keV levels are fairly strongly populated in pick-up reactions but

v/eakly populated in the (d,p)-reaction. From the rotational model point of view

the 5/2 level at 4722 keV should then be the most strongly populated member of

the rotational band based on orbit 7 and the 1/2" level at 5116 keV originating

from orbit 4. From the energy calculation orbit 4 is, however, supposed to lie

above the orbit 11 but on the other hand it is known experimentally from investi-
23 23gations in Na and Mg that orbit 4 can appear at much lower energy than expected

from such calculations.

The dynamical behaviour of the energy levels, as it emerges from their gamma

decays is in most cases compatible with the collective model. For instance, the

K" = 5/2 and Kir = l/2+ rotational bands based on the ground state and on the 585 keV

level, respectively, show characteristic enhancement of the intraband E2-transition

probabilities.

L
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fig. 1. Comparison of Tow-lying levels in the mirror nuclei rig and " A T . The experimental results obtained
in the present investigation have been used together with information on nuclear data from ref (3,4).
The interpretation of the levels as rotational bands based on Nilsson orbits U-K

;| j Nn^. | is indicated
to the left in the figure together with the vibration;1.! states..



It is however, discouraging to notice that the simple Nilsson model cannot at all

reproduce the experimental branching ratio of the second excited state at 975 keV.

Presumedly is this due to that the levels are mixed. Such mixing can be caused

by Coriolis' coupling but then the difference in K-values must be equal to one

(or both levels must have K = 1/2). For the Mg and Al nuclei it has in the

past been claimed that there must be very little mixing of low-lying levels since

only IC = 5/2 and 1/2 levels interfere. The identification of Nilsson orbit 7

with its if = 3/2' band starting at 4359 keV in Mg gives us, however, a possi-

bility to perform such mixing calculations including also the K = 5/2 ground

state band and the K" = l/2+ band starting at 585 keV. Since levels originating

from orbit 7 in the present calculation must be considered as hole states we

reduced the off-diagonal matrix elements by 50 %.

Figure 2 gives the theoretical branching ratios and lifetimes for

low-lying levels involved in the calculation together with the experimental

results. In most cases the agreement is very good.
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Fig, 2. Comparison bet-
ween theoretical and ex-
perimental branching ratios
and lifetimes for levels
in the two lowest rotatio-
nal bands in 25lig. The
energies are the experi-
mental values and the
other experimental data
are given in the brackets,
tv/o branching ratios are
from this investigation
and the lifetimes are
from ref (3). The theo-
retical values have been
obtained from a band mixing
calculation with r, = 3
and including orbits 5,
9 and 7. The results
quoted here are those
corresponding to a reduction
of the Coriolis term by
50 %.
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Heavy-ion reactions

We have measured the excitation functions of some reactions induced

by ^ 0 ions on a thin Be target. The measurements were performed in energy

steps of 250 keV from E 1 a b = 13 to 20 HeV. The gamma ray yield was measured

at three different angles. Fig. 3 shows the excitation functions of the yield

of three gamma rays originating from the following reactions: 0.351 HeV -
9Be(160>txY)

21He, 0.440 MeV 9Be(160>PnY)
23Na and 0.871 HeV- 9Be(160,17tf\)8Be.

The uncertainties of the experimental data presented in the figure are so small

that resonant behaviour in the two first mentioned reactions cannot be excluded.

We are planning to investigate the interesting region below E - ^ = 15 lieV

in more detail.

L
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The 0.871 1-ioV gamma rays from the 9Bc(1601

17[)l''Y)8Be reaction have in

the forward direction a pronounced unsymmetric distribution, which reveals

the angular distribution of the gamma emitting 0 nucleus and thus give

information on the dominatiiig reaction mechanism. This can be done with the

Doppler shift line shape method (DSLSH), where the gamma-ray energy distribution

in a spectrum is given by:

L=o ' ::dv.

: 1 I - ;

" :':::::. cx? L 2.Ť

The distribution is fitted to the experimental shape of the Doppler-brosdened

gamma-ray line with the method of least squares, using the Legendre coefficients

(A. ) as parameters. In the case of isotropically emitted gamma-rays the distri-
17

b u t i o n of t h e p a r t i c l e s ( 0 ) i s c o m p l e t e l y determined by t h e s e Legendre c o e f f i -
c i e n t s s i n c e t h e n ,

s 9 . )pari..

We have taken advantage of this powerful method and the analysis is now under
progress.

Deformed states in Hg

The investigation on very deformed states in Mg has been continued,

Using the Be( 0,iv,) Mg reaction and detecting the neutrons and gamma quanta

in coincidence gave no positive results. Therefore special attention has been
o

focused on the a- and Be-decays of the levels. An experiment with a dual par-

ticle detector has been performed (together with Bo Sundqvist et al.) using a

beam of Ü hitting a Be target (evaporated on a C-foil). The three lowest

states 0 +, 2 + and 4 + in 2 0Ne from the 1 2C( 1 6O, 8Be) 2 ONe reaction are clearly

seen, however, no indication of t 4Mg can be found. This can, of course, be

due to an insufficient amount of Be in the target, a withdraw that can be avoided

in the future by using a self-supporting Be target. The outcome of the experi-
Q

ment might also point to the necessity of detecting the Be in coincidence with
the neutrons.

L
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'Halíř.5PÅ" s_tAt0S_.Cif »etitron d e f i c i e n t Si;;_and Zr isotopes._ (AFR 012^1-028,Qr_9)

S.E. A r n e l l , G. F innas x x , A. H i l sson x , S. Sjöberg, Ö. Skeppstedt and E. Wall ander

O7

The nucleus Sr which has one hole inside the closed neu tro shell
N = 50 has been studied experimentally by us '. The agreement with shell
model calculations is generally excellent. - A recent investioation of the

85«.,. 2)three-neutrpn-hole nucleus (fig. 1) thus reveals the expected seniority-
g

three high-spin states 13/2 , ll/2+, 17/2+, 21/2+, and. 17/2", 19/2", 21/2",
which can all be formed within the v(Pg ,2>

 f5/?' Pi/p» Sg/?) con'ir''9Lira't''ort

space. However, also a 19/2+ state and some J > 23/2 states were observed,
indicating a break-up of the Z = 38 subshell.
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Fig. 1. Comparison between experimental levels^and
calculated levels for 85sr 3 ) .
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87Zr40 r47!

We found it well motivated to extend these studies to the isotone
the proton shells of which should be somewhat more inert (cf. the

90,energies of the first 2 levels of o oSr (1S36 keV) and 3UZr (2186 keV)}.
Prior to.our work, only the 7/2+ level at 201 keV, the 1/2" isomeric level with
T1/f2 = 14 sec at 336 keV, and a level at 471 keV were known in 87Zr.

•x) The Research Institute for Physics, Stockholm
xx) Abo Akademi, Turku» Finland . ' •
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Tentative partial level scheme
of °/Zr» showing the positive-
parity yrast cascade. For
comparison relevant levels
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We have investigated Zr both oy the (a,n) reaction on an Sr tarnst
(enriched to 57 55) at the 90-cm cyclotron in Abo, and by (a,3n) on Sr
(enriched to 96 %) at the Stockholm 225-cm cyclotron. Excitation functions-,
angular distributions and vrcoincidjnces have been studied, and the result-
ing level-scheme (tentative) is shown in Fig. 2. The 21/2+->. 17/2+->- 13/2+-v 9/2'
(g.s.) yrast cascade is - as expected-- very similar to that in Sr. We also
find a cascade of two fast ( T , n of the order of 1 ps from DSA) !'l transitions

that feed thü highest-spin \<5n/o level. These transitions deexcito levels
? -3

i f i ( T i f i l lwith the probable configuration (V9g/? 'g/2'
T n s i r fairly low

position in the level scheme hints at a considerable vg«,« admixture also
in tiie lower-spin levels.

Pending the outcome of a planned scare!, for isomeric transitions i:i
the 10 - 1000 ns region and of a x analysis of the angular distribution dat?.,
nothing can be said about the parity of the levels outside the yrast cascade .
shown in fig. 2.

We also intend to look fo'r coincidences with outgoing charged particles
to check whether a v-ray cascade, which is almost as strong as the one shown
in fig. 1 at Eft = 51 I5eV, tut much weaker at Erj = 21 !!cV, is in fact footed
on ti.e Y 9/2 level. The difference between ncut'-on and proton binding



no

energies in Zr is 4.5 MeV and that way well be sufficient to give a stronj

(a,p2n) channel.

The analysis of the Sr, 'Sr and DZr spectra is under way. Consi-

derable care has to be exercised because of isotopic impurities in the target,

activities produced, and the wealth of outgoing channels open (besides the

(a.pxn) reactions also (a.a'n) and (a,a'2n).

Rcferences

1. S.E. Arnell, A. Nilsson and 0. Stankiewicz, Nucl. Phys.. AZ41_ (1975) 109.

2. S.E. Arnell et al. (Nuclear Physics in press).

3. A. Frenkel, Rehovot, priv.conim.

A3. Multiplicity of unresolved y-ray cascades in a-particle induced

reactions. (AFR 0124-28,29)

S.E. Arnell, Ö. Skeppstedt and E. Mailänder

(Partly in collaboration with D G Sarantites, Washington University,

St Louis, USA, Z Sujkowski, Institute of Nuclear Research, Swierk, Poland,

W. Walus, Jagellonian University, Cracow, Poland, A Kerek, Research Institute

for Physics, Stockholm and W Dietrich, Institute of Physics, University of

Uppsala.)

In recent years, many experiments have been performed in order to

gain information about the formation and deexcitation of compound nuclei in

reactions, induced by heavy ions and a-particles. As the particle evaporation

in general results in population of states in a rather broad energy region,

in which the level density is large, the first transitions in the Y-cascades

are not possible to resolve experimentally. This means that special techniques,

generally including multi-detector coincidence arrangements, have to be employed

in order to study the Y-ray deexcitation process.

The experimental arrangement, that we have used in order to study

(a,pY)- and (a,riT)-reactions, consists of one Ge(Li )-detector and tv.o 5" x 6"

Nal-crystals for Y-ray multiplicity measurements. The principle (1) of the

experiment is a comparison of the intensities of the sane transition in a singles

Ge(Li)-spectrum (0-fold coincidence spectrum), and a GefLiJ-spectrup registered

in coincidence with one Ual-detector (1-fold coincidence spectrum). The intensity

of the same transition in a Ge(Li)-spectrum.with coincidence interactions in

both f.'al-crystals (2-fold coincidc.tiL'j spectrui.i) offers additional information
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about the width of the multiplicity distribution and gives also a correction

to the liiulti p.l i city-value obtained from the ratio between the 1-fold and

0-fold intensities. A computer code (2) is used to extract the multiplicity

of the feeding cascades to a certain state, that decays with a transition for

which the intensity in the Ge(Li)-spectra with different coincidence conditions,

as described above, can be determined. In some cases,it is also possible to

calculate the influence on the multiplicity from feeding V'ia other discrete

states, and thus determine the multiplicity of the pure side-feeding (i.e.

experimentally unresolved) cascades.

In the investigations of the (a,Py)-reactions, an annular surface barrier

detector for the registration of charged particles in the backward direction

has been included in the coincidence arrangement. This means that by setting

gates in the particle spectrum in the off-line analysis of the magnetic tapes;
produced in the experiment, it is possible to get the multiplicity as a functic;.

of the excitation energy of the initial states for the y-cascades. When investi-

gating (a,nv)-experiments, the surface barrier detector was replaced by a liquid

scintillation detector placed 1 m from the target, and the neutron energies

were determined by time-of-flight techniques.

Hitherto, the analysis''of three experiments giving information about

unresolved cascades in . Cl, Cu and Ru have been carried through.

68Ni(a,pY)61Cu reaction

The average total feeding multiplicities determined for a broad energy

region (i.e. 4.6 - 11.9 MeV) of the initial states of the cascades tend to decrease

slightly, when going from low excitation energy of the final states of the cas-

cades to higher. The average multiplicity of the pure side-feeding cascades,

however, seems.to be rather constant over the whole region of observed distinct

states.

In the second part of the analysis, the particle spectrum was divided

in three intervals, implying that particles populating levels in the three

energy regions 4.60 - 7.35, 7.35 - 9.15 and 9.15 - Vi,90 HeV were accepted in the

gates. Feeding multiplicities and side-feeding multiplicities, when possible,

were determined in the same way as when the gate was set on the whole particle

spectrum. The results for this part of the analysis are presented in fig. 1

for three levels. The trends for the average multiplicities, for the cascades

determined as a function of the excitation energies of the initial states are

very similar for the various observed final states. The average multiplicities

decrease typically with about 0.5 units when going from cascades starting in an

energy region of about 10 ifcV to cascades starting fron about 5 MeV of excitation

energy.
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in the 5tjNi(a,PY)61Cu reaction at 17.5 MeV.

The bombardment of a Ni-target with a-particles with energies about

18 lieV can be expected to produce compound states of Zn with angular momenta

with average value of about 6 - 7 -fi (3). Hov/ever, the spread around the average,

should cause Zn states with spins up to say 10 •fi to be populated with a not

negligable probability. As the proton-emission cannot be expected to change the

spin-distribution very much, the v-ray dissipation process should essentially '*

be responsible for the reduction of angular momentum of the Cu residual nuclei,

having ground state with J = 3/2 . The maximum experimentally observed spin

in Cu from the 8Ni(a,p-r) ̂ Cu reaction at 18 (or 17.5) MeV bombarding energy
is 11/2. States with spins 9/2 and 7/2 are also populated with appreciable

intensities. This means that the side-feeding cascades, with observed mul'tipli-

cities of the order 2,3, have to remove a net angular momentum from the states

that are populated by particle emission from the Zn compound nucleus.



A statistical model analysis (3) of the reaction at 17.í MeV a-particle

energy is in progress and will be published in the near future together with

the experimental results. A comparison will also be performed with the results

from an experiment performed with 20 I-íeV á-particles.

The 97!!o(ü,nv)100Ru reaction

The results from an analysis of cascades starting from states in the

energy region 6.62 < E. < 9.48 MeV are presented in fig. 2. The observed side-

feeding multiplicities and cross-sections for population of the low-lying states

in the residual nucleus are in qualitative agreement with a preliminary optical

model analysis of the reaction at 14 MeV a-particle energy showing that the

most probaole angular momenta of states in 0 0Ru, being populated by neutron-

evaporation from the 1 0 1Ru compound'nucleus are of the order 3 - 5 1f. However,

states with spins up to around 10 h should also have a small probability to be

formed. •
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In the second part of the analysis the average multiplicity of feeding

cascades (pure side-feedi.iy and feeding via discrete states) was determined as

a function of the energy of the L Ru states. The results, determined for some

of the most intense -,-linss, are shown in fig. 3. If the point for the 4'-state,

determined for cascades starting around 5.5 MeV, is disregarded (probably the

4 + •> 2 + transition is disturbed by a close-lying line appearing in coincidence

with high-energy neutrons), there is a clear tendency in the results. Fur

the low-lying states» the .multiplicity of the feeding cascades shows a very

weak dependence on the excitation energy of the initial states of the <,-cascades,

while the excitation energy dependence becomes much more pronounced for tho

higher-lying states. For instance, the 6+, 2.08 HeV state is fed by cascades with

average nmltiplicitits of the order of 3, when the initial levels of the cascades

have excitation energies around 9 MeV. However, when starting from the region

5 - 6 MeV, the average feeding multiplicity has decreased to about 1.5.

The tendency is the same, if even not more pronounced, for the feeding of the

5~ state, but in this case the uncertainties are very large. We interpret this

behaviour of the feeding cascades as a consequence of the excitation energy

of the states, and not of the spins of the states.

The 3 2S(C,,PY) 3 5C1 reaction

The results from the experiment, which was performed with 16 fleV a-particles,

are accounted for (fig. 4). The initial Cl states for the -y-cascades have

excitation energies between 6.5 and 12 iieV. In fig. 5, the multiplicity as a

function of the excitation energy of the initial y-emitting states for cascades

to some of the low-lying levels is shown. The general trend of the results

is that the multiplicities come out rather low, indicating that the /-ray cascades

do not remove large amounts of angular momentum. This is in accordance with

a preliminary optical model analysis of the reaction, which predicts that the

most probable angular momenta of the compound.nuclear states should be of the

order of 5 - 6 h.
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A4. A multi-detector arrangement for measurements ofy-ray multiplicities.

(AFR 0124-028,029, Chalmerska forskningsfonden, Carl-Bertel Kathhorsts

naturvetenskapliga och allmännyttiga 'stiftelser)

U. Skeppstedt

(Groningen-Lund-Stockholm-Sv/ierk-Gothenburg collaboration)

The experimental procedure for measurements of average y-ray multi-

plicities in nuclear reactions normally consists in recording events in a

Ge(Li)-d?tector operated in singles mode and in coincidence with several Nal-

detectors (1-3). The sensitivity of Nal-detectors for neutrons is a big problem

in Y-ray multiplicity experiments on reactions initiated by neavy ions and

high-energetic u-particles as a large number of neutrons is produced. A

separation of neutron and -f-ray interactions in the scintillation detectors

by time-of-flight methods is in practice not possible to perform as the detectors

have to be placed close to the target as a high detection efficiency is required.

However, it is possible to solve this problem by using liquid scintillation



detectors instead of N?.I-crystals. In liquid sc.ir.tillators it is possible to

distinguish pulses due to neutrons from pulses due to -,-rays by pulsc-?'.ape

analysis. As a collaboration between physicists from a number of northern

European countries an arrangement in which up to 16 scintillation detectors

can be operated in coincidence with a Ge(Li)-ďetector. In the present

system it is possible to use 8 Nal-dececlors and/or 8 liquid scintillators.

The Gothenburg contribution to the arrangement is the 8 (2" x 3") Nal-detectors

and the mechanical detector support, which consist of 17 aluminium cones that

are embedded into a semi sphere rcade of resin (4).

The detectors are surrounded by removeable

conical lead shields to reduce "cross-talk11

A schematic view of the arrangement is

given in fig. 1. .Data.from the first

run with the complete system with 120 KeV,
12C-ions are presently being analyzed in
Lund and Gothenburg.

Fig. 1

References

1. G.B. Hagei.iann, R. Broda, B. Herskind, H. Ishihara, S. Ogaza and H. Ryde, Nucl
Phys. A245 (1975) 166.

2. 0. Andersen et al., Ris0 preprint 1976.

3. i).G. Sarantites et al., Oak Ridge preprint 1976.

4. Obtained from A.B. Casco, Stockholm.

L



17.

B l . i i U C L E A R P H Y S I C S A P P L I E D T O E N V I R O N -

l-i E N T i\ L A N D M E D I C A L P R O B L E M S

(AFR 0 4 7 4 - 0 0 4 , ASF 7 5 / 1 9 6 : 2 )

J . D u b o i s , W. G u l l h o l m e r , A. R i n d b y , E. S e l i n , P. S t a n d z e n i e k s ,

A . - C . S taws t röm, and H. öb lad

L

Technical development .

During the very last years nuclear techniques has been used for trace

element analysis in the Physics Institute of CTH. A special energy

dispersive X-ray spectrometer was constructed about two years ago. The

instrument consisted of mónoenergetic photon sources (radioisotopes)

for excitation of characteristic X-rays in the trace elements of interest,

a solid state detector (Si~detector) and associated electronics for

registering the emitted X-rays, and a multichannel analyzer for energy-

analysis of the photons. Alternatively the characteristic X-ray radia-

tion could be excited by use of protons from the Van de Graaff generator.

Since last year one of the radioisotopes (Cd-109) has been substituted

by a specially made X-ray tube, which uses secondary target and filter

of molybdenum for monochromatization. The advantage of the tube corn-

pared to the Cd-109 source is increased radiation intensity together with

time independence (the radioactive sources decay by characteristic

half-lives) and - because of the chosen geometry - an increased sensitivity.

The top to background ratio for Zn in a blood serum sample was improved

from 0.56 to 3.29. (See also fig. la and b from a plant specimen.)

Target preparation is an important item in all the projects and we don't

consider these problems solved. Each specimen needs a special treat-

ment to give optimum conditions; the biological samples provide more

difficulties than airfilters, smoke, geological specimens etc.

The data handling has been improved during the last year. The

spectra obtained in the multichannel analyser can be directly trans-

ferred to the PDP 11 computer for quantitative evaluation of the elements.

Data like photoexcitation cross-sections for different elements at the

incoming photon energy, fluorescence yieldSjdetector efficiency, geo-

metrical factors, air absorbfcion etc., which all influence the quanti-

tative pvaluation have been stored in the computer and are used in a

programme which automatically converts the peaks of X-ray radiation in

the spectrum to relative concentrations of elements. If the specimen
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contains an internal standard (we have used 5 ppt-i yttrium for blood

serum for example), the other elements in the sample will be given

in absolute concentrations. For thicl; targets the programme will

also correct for-self-absorption of incoming ano outgoing radiation.

Projects

1. In cooperation with the Medical Clinic at Sahlgrenska Sjukhuset and

the Götaverken shipyard an investigation of the constituents in welding

smoke from a number of electrodes has been undertaken. The results have

been published in a report to ťie medical counsil of Götaverken.

2. Blood serum- and red corpuscle-samples fr.om welders and control

groups have been analyzed by use of the new monochromatic X-ray-tube.

Raised levels of Zn-concentrations in the blood serum of the welders

were found. - The blood serum targets were lyophilized before being

pressed into pellets of about 1 cm in diameter and mounted on thin plastic

foils in target frames. Analysis of blood targets, which had been treated

in a different manner - ashed - has also been performed.

3. A'method for rapid determination of iodine-containing contrast media

in body fluids lias been developed. It is then possible to determine

how a contrast medium given in an X-ray investigation is excreted.

Blood samples from a patient were taken at regular times after he had

been given contrast in connection with a radiological investigation. As

the contrast is a compound of iodine it is easily analysed in the X-ray

spectrometer with the 60 keV Am radioactive source. In this ca.se there

is no need for a pretreatment of the blood. The preparation of a repro-

dicible amount of liquid blood as a target is discussed in a report over

this investigation. The method will be used in a large investigation over

different groups of patients from one of the radiological clinics.

4. The department of diagnostic radiology III at Vasa hospital has a

research program which aims at optimizing the radiography of patients

as regards getting maximum information for rainimu.r. radiation dose. In

the research program various problems are treated separately like the

L



secondary screening, the intensifying screens and the properties of the

filr.is. In this department the silver-content in radiographic filns has

been determined for various blackening of the- films. These results are

combined with other film parameters in order to find the imaging properties

of the film. Preliminary studies of some physical properties of intensi-

fying screens have also been performed.

5. The X-ray fluorescence spectrometer is an excellent tool for analy-

zing filters with airborn particles. Preliminary measurements of the

Göteborg air have been made. Aerosols were collected en impactor films.

The impactor is to some extent able to sort the particles in size distri-

butions. The analysis was made using the 1 MeV proton beam from the

old Van de Graaff accelerator as source of excitation. The proton and

photon modes of X-ray excitation are complementary in many ways, for

instance, background problems are more pronounced for light atoms with.

proton excitation, whereas the background is high for the heavier atoms

with photon excitation. Furthermore the study of the elastic scattering

of protons give us valuable information on the content of very light

elements (i.e. A <25), which is at present not possible with x-ray

studies. By combining the excitation modes elemental distributions as

a function of particle size distribution can be obtained for a great

number of aerosols. Further development of the technique will be done

in the near future.

6. Study of X-raysas a mean of analyzing geological samples has been

made in order to bring forward a complement to the neutron activation-

analysis, v:in'ch at present is the most common analyzing technique of

geological samples. One disadvantage of the neutron activation method

is the extremely long time between activation and analysis (2 to 3 weeks).

With X-ray fluorescence, the analyzing time including target preparation

and irradiation time and datahandling could be as short as 1 hour. This -

can be of great importance when-performing large-scale geological

, investigations. Work is now focused on the special problems of absorption-

and interelement effects that arose with geological samples.

L
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B2. Production and use of monoenergetic neutron beams in the epithermal

and intermediate energy region. (AFR 021-0133, 0398-005)

N. Ryde, W. Klamra, and N. Olsson

The facility erected in one of the radial beam holes of the R2-reactor

at Studsvik is intended to solve a variety of problems in nuclear physics,

reactor technology, astrophysics, genetics and health physics. At present

the facility only contains a source of 24 keV neutrons from a beam extracted

from the reactor and passed through a filter. Planned extensions of the

facility to other neutron energies cculd as yet not be realized due to lack

of funds.

•During the last year the facility has been provided with a proton

recoil detector, especially intended for Monitoring the amount of neutrons

of not desired energies in the beam. Above all for genetic research the con-

tent of high energy neutrons in the beam must be kept at a lov; level.

During 1976 a series of measurements'on detectors for reactor physical use .

has.been performed in the 24 keV beam by the instrumental division of the

Atomic Energy Company.

For next year the facility will be used mainly for research in genetics

and health physics. The genetic influence of the 24 keV neutrons on barley

will be studied by irradiation of grains, in cooperation v.ith Professor L. Ehren-

berg at the Wallenberg Laboratory, Stockholm, and Dr. R. Bergman, AB Atom-

energi, Studsvik.

•• The penetrability of intermediate energy neutrons through human tissue
makes them suitable for irradiation of human organs into which heavy metals
arc- enriched. A method to measure the degree of enrichment is being developed
in collaboration with Yrkeshygioniska Institutionen st Karolinska Institutet,
Stockholm ciwJ. Ali ntcü.ioiurgi.



c. B E A I! - F O I L S P E C T R O S C O P Y

B. D y n e f o r s

Research activity

At this department the work has been performed on radiation in the

wave length range 1050 - 5500A, The emphasize is put on analysis of level

structures, especially-hydrogen like levels, and on the excitation mechanisms

at the foil penetraLion.

The basic problems connected to the excitation mechanism are the

lack of knowledge concerning the relative populations of different

excited levels 'and the variation of these populations with the projec-

tile energy. The experiments performed in this field present non-

consistent results. Our experiments intend to measure the relative

populations as function of different quantum numbers and as function

of the projectile energy and further the proportionality between excited

levels and charge state fractions. He, Be and S have been previously

investigated. This year Al-projectiles have been studied in the energy

range 100-360 keV. Excited levels were investigated in Al I - Al V.

The results show that, the relative population of different levels

within a charge state varies with the projectile energy. This varia-

tion seems to be exclusively depending upon the excitation energy of

the levels. It is also claimed from the results that the charge state

belong/less of an unidentified line can be uniquely determined if the

relative intensities are accurately measured at several energies. This

problem has been discussed since the origin of the beam-foil spectro-

scopy. The excitation mechanism is supposed to be a many-particle pheno-

menon.

The work with the hydrogen like levels aim to an exact theoretical

calculation of the energy levels. The desired accuracy in the binding

energy of the excited electron or in the relative level energies is

less than 0.001 eV. This require multi-configuration perturbation

calculations on open shell-systems.

Dissertation in oroaress

L
B. Dynefors (1977), An investigation of atomic structures'and collisional
processes by the beam-foil method.
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ION AND NUCLEAR PHYSICS DIVISION

Fields of research: Interactions of ions with solid matter, ion

implantation, nuclear properties off stability

Research staff:
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Research activities

Built up around electromagnetic isotope separation as a common

basic technique, the research program of the division comprises two

quite different fields: ion physics and nuclear physics.

The ion physics group studies the interaction of energetic

ions with solid matter, including applications of ion implantation.

When ions are accelerated through a large potential difference and

allowed to strike a solid surface, a wide varity of effects ensues.

The kinetic energy of the incoming ion is dissipated both in elastic

collisions with lattice atoms and in excitation of electrons. The

last-mentioned process gives rise to photon and secondary electron

emission,and the first type of process, in which the principal part

of the momentum is transferred, causes radiation damage and ejection

of atoms from the surface (sputtering). The radiation damage alters

the structure and physical properties of the solid. Another important.

effect is the change of chemical composition of a solid by ion im-

plantation. Especially the electrical conductivity of a semiconductor

can be modified. In order to achieve high reliability in semiconduc-

tor devices on an increasingly miniaturized scale, a situation is

n.:>w being conceived where all the device processing is conducted in

a stringently controlled environment, such as high vacuum, using
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laser beams, electron beams and ion beams as the major technological

tools. A knowledge of the fundamental manners in which ah energetic

ion interacts with a semiconductor and the way in which this inter-

action can be used in device manufacture is therefore becoming in-

creasingly important. Also, the applications of ion implantation

in other fields are rapidly diversifying, since controlled chemical

and physical changes may be effected in a wide variety of solids.

The aim of our research is to study the fundamental character

of the interaction of energetic ions with solid matter and also to

look for possibilities of using the found phenomena in applications.

For this work three main set-ups are available: (i) a 400 kV acce-

lerator with an analysing magnet at intermediate potential and a

five channel switching magnet at the outlet; (ii) a 100 kV accelera-

tor with analysing magnet of the CERN isotope separator type;

(iii) a 50 kV isotope separator of original "Scandinavian" type.
— 10

Targets chambers for work at down to 10 torr are used.

The other subdivision, the ISOL group (from Isotope Separator

On Line), does most of its experimental work at Cern, participating

in the Isolde Collaboration. Nuclides of down to <100 ms half-life

are made available for various kinds of investigations by means of

an isotope separator attached on-line to the 600 MeV SC machine.

One main line of research concerns nuclear structure and decay pro-

perties of highly neutron deficient nuclides. In such regions one

may encounter phenomena which cannot appear closer to stability,

in our case particularly beta delayed proton and alpha emission.

Another project of continuous interest aims at the systematic mapping

out of the nuclear mass surface, mostly by accurate measurements of

Q values in radioactive decay. Important contributions to this work

are also made at Studsvik, using the reactor-based on-line separator

facility Osiris in fission product studies.

It seems practical in the following to report separately on

the ion physics group and the ISOL group.

A. Ion Physics research (Grants: NFR F2601-016, STU 76-3607)

1. Ion physics laboratory

The 400 kV accelerator has been used for several of the inves-

tigations described below. The ion source as well as the beam hand-

ling system have been changed in order to improve focusing and beam

intensity. All the planned beam lines after the switching magnet



have been completed (Pig. 1) and are now used for sputtering, field

ion microscopy, ion transmission,- ion implantation,radiation damage

and secondary electron measurements. The beam line E provides a

unique possibility to use ion beams from both the isotope separator

and the 400 kV accelerator on the same target in one of our ultra

high vacuum systems, UHV 1.

2. Radiation damage

When an ion penetrates a single crystal, it generates a cascade

of atomic collisions which mostly leaves the crystal in a disordered

state. However, if the temperature is above a certain critical tempe-

rature and/or radiation-induced annealing occurs, the annealing

rate of the produced disorder can be larger than the production rat.e.

In germanium, for example, no defects can be seen in such a case by

electron microscopy. For light ions on germanium this situation may

occur at room temperature. In the present investigation we have used

boron ions in order to find if the effect described above is valid

also for this type of ion.

To detect the radiation damage, the sensitivity of secondary

electron emission to radiation damage in the crystal, has been used.

With a doserate of 8 x 10 ions/cm ,s and a dose larger than 10
2

ions/cm no radiation damage accumulation could be found during bom-

bardment of a Ge (110) crystal at room temperature. This result is

consistent with our earlier measurements but contradictory to some

other investigations.'

3. Sputtering experiments

L

Sputtering experiments have been performed for comparison with

a recently published theory by P. Sigmund. Noble gas ions from the

400 kV accelerator have been used to bombard Ge crystals at room

temperature. At the bombardment the crystal becomes "amorphous"

within the penetration depth. This phenomenon is used to study

sputtering from amorphous targets, for which Sigmunds theory is

developed. Preliminary results show that the energy dependence of

the sputtering coefficient (atoms/ion) mainly follows the theory in

the energy range from 50 keV to 200 keV. The maximum in the experi-

mental sputtering yield is measured at the same energy as that given

by the theory. However, the experimental absolute values of sputter-
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ing yield are about 25% lower than those given by the theory. The

reason for this may be a too low surface binding energy used in the

theoretical calculation. In the energy range above 200 keV the

sputtering yield increases again quite contrary to predictions of

the theory. The reason for this behaviour is not known.

4. Secondary electron emission

The total yield of secondary electrons emitted from a poly-

crystalline copper target during bombardment by copper or noble gas

ions has been studied. In the measurements the unique possibility

of using an ion beam from the isotope separator for cleaning the

target by self-sputtering has been used. The measurements show that

the yield is very dependent on the polycrysfcjilline structure.

Different methods to produce the specimens cause different size

and orientation of grains. Therefore in some specimens the angular

dependence of the yield is almost the same as that of single

crystals, whereas for other specimens it is similar to that expected

from an amorphous material. The temperature dependence of the

electron yield has also been studied. No change of the angular

dependence of the yield could be detected for the temperature range

40°C to 400°C.

5. Applied ion implantation

L

The annealing behaviour of aluminium implantations in bulk

silicon and silicon on sapphire (SOS) has been studied by sheet

resistivity and Hall effect measurements. While the effective number [

of carriers as a rule was somewhat higher in SOS than in bulk silicon,,

the mobility was found to be appreciably lower in the former material. I

Secondary ion mass spectrometry measurements show that the aluminium

profiles have two peaks after annealing at 800°C, due to enhanced

diffusion during the annealing treatment.

Boron implantations at energies of 150 and 300 keV have also

been performed in bulk silicon and SOS. Hall effect measurements shov/

that, as well as for the aluminium case, the effective number of

carriers is higher in SOS than in bulk silicon, while the mobility

is lower in SOS. The implanted boron profiles measured by the Cameca

ion analyzer have been found to be almost Gaussian even after anneal-

ing at 800°C.
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B. ISOL research (Grants:APR 071-041, -043)

1. Delayed particles

The study of beta delayed particle emission has continued with

the main interest focused on the alpha process. Prom 114,116,118,120^--

branches of both delayed protons and delayed alphas were observed.

The p/a ratios have been compared to calculations, where the proton

strength function was taken from an optical model calculation. An

excellent agreement between calculated and measured ratios is ob-

tained on the assumption that the alpha strength function at high
2 • 2

excitations is constant and equal to YW/2ŤIW (where Y W is the

Wigner sum rule limit and "hu the distance between the harmonic

oscillator levels) .

A new method for the analysis of fluctuations in the delayed

particle spectra, based on an autocorrelation function analysis,

has been developed and employed to extract level densities at

5-10 MeV excitation in 1 1 5 I and 1 1 1 T e .
i

2. Decays of particular interest

74

The half-life of Rb has been remeasured with improved pre-

cision to be 64.9±0.5 ms. This nucleus is of special physical signi-

ficance, since it is the heaviest N=Z nucleus identified until now.
74The half-life shows that Rb is a member of an isospin triplet

(T=1) and is characterized by ground state spin and parity 0 .
The ß~ decay of Hg to states in Tl (one proton hole in

208the double-magic Pb) has been investigated. An interesting feature

in the resulting decay scheme is an E5 transition between the two

single particle states h ^ ,2 (at 1347 keV) and 5., , 2 (g.s.).

3. Nuclear radii

L

Differences in the nuclear charge radius between different iso-

topes of an element and between different excited nuclear states

give rise to isotope and isomer shifts, respectively, in the K X-ray

energies. A special type of bent crystal spectrometer has been built

to investigate such shifts. Our group collaborates with physicists

from Cern and Jiilich in this experiment. Recent results on Hg

.reveal effects of the order of 1 eV. Such large shifts may be ob-



servable with a good Ge x-ray counter. An x-y coincidence experiment

with two Ge counters has therefore been started in parallel with

the bent-crystal project. The latter instrument is mainly suited

for isomer shift measurements.

4. Neutron induced particle emission

The project initiated last year to irradiate Isolde-produced

neutron deficient samples with thermal neutrons at the Grenoble

high-flux reactor in order to study the emission of protons and

alpha particles in competition with capture gamma rays has continued.

None of the target nuclides expected to give appreciable yields

became available, however, and only the following new results can

be reported:

132

127

125

Cs(n

Xe(n
th'

th'

ct) '^I

«)124Te
122nXe(nth,a) '"Te

a<150 mb

c<10 mb

a<9 mb

5. The nuclear mass surface

C„ measurements on fission products at Osiris have concerned

numerous isotopes of Zn, Ga, Ge, As, In, Sn, Sb, and Te. In several

cases this has made possible systematic studies of the predictive

power of various semiempirical mass formulas. A particularly

intersting result is that the binding energy of the doubly magic
132

Sn, deduced to be 1102.93+0.08 MeV, disagrees significantly (by

several MeV at best) with predictions based on Hartree-Fock calcula-

tions. For other double closed shell nuclides, this approach is

known to reproduce experimental values within a few hundred keV.

The implications of this finding are not yet clear.

At Isolde mass data have come mainly from alpha spectroscopy.

Such short-lived species as 48 ms 'Fr and 0.4 s u Fr are included.

The determination of QE„ values from relative K X-ray intensities

(the PR method) is still on the program, but no suitable sources

were produced during the year.

L
6. A new ISOL project

Preparations have started in order to attach an on-line facility

to the Uppsala synchrocyclotron after its imminent reconstruction.



The plans are to modify the isotope separator of CERN type, presently-

used by the ion physics group, for the purpose. An important aim of

the project will be the preparation of radioactive targets for

nuclear reaction studies, especially with the nearby tandem accele-

rator.

Dissertations in progress:
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R E S E A R C H P R O G R A M

The research activities of the atomic-physics group are pri-

marily of basic nature and concerned with the properties of atomic

and molecular systems. Also, nuclear properties are investigated

via the internal atomic interactions. In addition, there is an

applied program, where some spectroscopic techniques - developed

for the basic research - are utilized.

The properties of atomic systems are investigated mainly by

studying small energy splittings, such as fine and hyperfine struc-

tures (Program A). The experimental investigations are to a large

extent based on laser spectroscopy. The small atomic splittings

can reveal detailed information about the electronic structure of

the atomic system, provided comparisons are made with relevant

model calculations. Therefore, the experimental research is here

accompanied by theoretical calculations, where full account is

taken of the many-body nature of the electronic interactions.

The hyperfine splitting, which is caused by the interaction

between the atomic electrons and the nucleus, can give information

also auout the nuclear structure, if the electronic properties are

known or can be evaluated with sufficient accuracy. This is utilized

in our program for determining nuclear spins and moments, now

performed mainly at CERN (Program B).

The electronic structure of molecular systems are studied

within the group by means of a numerical-variational scheme for

non-relativistic and relativistic calculations. Using this method

it is possible to investigate fairly large molecular clusters with

reasonable accuracy. Also larger systems can be simulated, for

vT"



instance, for investigating chemical reactions on metal surfaces

(Program C).

The laser-spectroscopic techniques, which are developed

primarily for the basic research, are utilized for two projects

of applied nature (Program D). In one project the environmental

(mainly air) pollution is investigated, using remote-sensing

techniques. In the other project the isotopic shift of the spect-

ral lines is studied by means of high-resolution laser spectro-

scopy, in order to investigate the feasibility of laser isotope

separation.

A. A T O M I C S T R U C T U R E

The purpose of this program, which is experimental as well

as theoretical, is to investigate the properties of atomic sys-

tems, particularly as manifested in the fine and hyperfine split-

tings of atomic energy levels. These splittings can be measured

with high accuracy using resonance techniques, where transitions

between close-lying levels are induced by means of radio- or micro-

waves. This technique is applied to atomic ground and metastable

states, using the atomic-beam magnetic-resonance (ABMR) technique

(Project A2), and for short-lived excited states, using laser

excitation in combination with resonance methods (Project A1).

Energy splittings of this type can also be observed directly by

means of high-resolution laser spectroscopy. With laser excitation

it is also possible to reach "optically inaccessible" states, such

as the S, D, P,.. states of the alkali atoms. The high-angular-

momentum states are here found to be highly perturbed, often with

inverted fine and hyperfine structures. This "anomaly" is now well

understood and can be explained in terms of many-body effects

(Project A3).

L

A1. The properties of excited atomic levels, investigated by

tunable-laser techniques. (NFR 2656-19)

G. Belin, K. Fredriksson, H. Frick, I. Lindgren, H. Lundberg,

L. Nilsson, and S. Svanberg.

Using tunable lasers many properties of excited atomic states

are being investigated, e.g. fine structures, hyperfine structures,

' % •



isotope shifts, natural lifetimes and Stark interaction constants.

Our experiments have been mainly concerned with the alkali atoms,

which are particularly suitable for comparisons with theoretical

calculations (Project A3). Reviews of the earlier work have now

been published /1-4/. In most of the experiments highly excited

states» populated by step-wise excitation, have been studied.

The hyperfine-structure work has now been extended to the 6, 7
? 23

and 8 s-t/2 states of Na, using two CW dye lasers for the excita-

tion and employing the optical double-resonance method /5/. For

these states theoretical calculations have also been performed, in-

cluding polarization and correlation effects, yielding good agree-

ment with experiments. Work on sodium P states and potassium S

states is in progress.
2

The sodium 6-8 S 1 / 2 states were also studied in a two-phcton
absorption project at Stanford University, in which one of the

group members (S.S.) participated /6/. Two single-mode lasers of

different frequency were used and strong resonance enhancements and

in some cases light shifts were observed. The main results of the

project were the Stark interaction constants for these S-states
and the 5 and 6 D states. A good agreement was obtained

with theoretical values based on the Coulomb approximation.

Stark effect studies for a large number of states in Rb and

Cs have also been performed during the year /7/. A single-mode dye

laser was used in the second step of a two-step excitation of an

atomic beam. Rather than scanning the laser, the atomic sublevels

were scanned to resonance using the Stark effect, and the scalar

interaction constant could be determined for 10 states, previously

not studied. In Fig. 1 this type of measurements is illustrated for

the case of cesium.

In /4/ our earlier level-crossing study of the inverted fine

structure in the sodium D sequence is reported. During the last

year the experiments of this kind have been extended to the D

sequence of lithium and the F sequence of cesium. In these experi-

ments two CW lasers are used. So far, only zero-field level cross-

ings have been observed. The weak high-field signals will, when

detected, yield the fine-structure splittings with a high precision.

The detection system is now being improved to give a higher sensi-

tivity. The fine structure for the 5-8 2D states in rubidium has

also been measured, using high-resolution Fabry-Perót spectroscopy
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Fig. 1. Illustration of the Stark-effect measuranents for the 10 V . ._ state
of 133Cs. 5 / 2

A2. Hyperfine investigations of metastable atomic s t a t e s , using
atomic-beam magnetic-resonance technique with laser detection.
(NFR 2656-27,29)

L

M. Gustavsson, I. Lindgren, G. Olsson, A. Rosén, H. Rubinsztein,

S. Svanberg.

In analysing the atomic hyperfine interaction, it is convenient

to use so-called effective operators, which describe the complex

interaction in a parametrized form. The parameters depend on the

many-body and relativistic effects in a more direct way than do

the hyperfine splittings (or interaction constants) themselves. They

are therefore particularly apted for comparison between experiments

and theory. In order to determine the parameters from experiments,

it is necessary to know the interaction in at least three states
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within the same configuration (for an atom with a single open non-

s shell) . The atomic-beam magnetic-resonance (ABMR) technique has

for a long time been used for ground-state measurements with high

precision. The remaining states within the ground configuration

are metastable, and there exists no universal technique for in-

vestigating such states. The main difficulty is here the detection.

We have in our group developed a detector arrangement, where the

metastable atoms are excited by means of a tunable laser and the

fluorescent light is observed (Fig. 2). Since it is possible here

to work also with pulsed lasers, this technique is applicable to a

large number of elements. Accurate hyperfine-structure measurements

have been performed with this technique on the 6s5d D states of

barium /14/ and on the 6p P states of lead. With our n«?w data

it is possible to make a more complete effective-operator analysis

of the hyperfine interaction in these elements, and such an analysis

is now in progress. A mini-computer for controlling a frequency

synthesizer and the data-acquisition system is being constructed.

Oven

PMT

rf loop

Laser
beam

2. Schematic view of the atomic-beam magnetic-resonance apparatus
with laser detection.

L



A3. Many-body calculation of atomic structure (NFR 2556-15,28)

L

I. Lindgren, J. Lindgren, J. Morrison, A.-M. Mårtensson,

S. Salomonson

The many-body calculations performed by our group are based

on a perturbation expansion of effective operators. The angular

part of the perturbation is evaluated using angular-momentum graphs

and the radial part by solving numerically one- and two-particle

differential equations. The one-particle functions yield the

polarization effect (single excitations) and the two-particle func-

tions the pair-correlation effect (double excitations). A technique

has previously been developed in the group to solve the one-particle

equations self-consistently by an iterative procedure, which means

that polarization is treated to essentially all orders of the per-

turbation /15,16/. This technique has now been extended to the

two-particle equations, which enables us to evaluate all pair-

correlation effects. Only genuine three-, four-,., particle effects

are then left out. This procedure is, in principle, exact for two-

electron systems, and this is being utilized for testing purposes.

It has been observed in our earlier works that a substantial

part of the correlation effect is of the "self-energy" type, which

means that it mainly changes the single-electron orbitals. This

effect can then be included by using a new set of orbitals, and it

has been shown that this leads essentially to what is known as

"natural orbitals" (NO). A perturbation expansion based on such

orbitals is expected to converge faster than one based on Hartree-

Fork (HF) orbitals, and this has been demonstrated in our recent

calculations on the hyperfine interaction of the 4 2D state of

rubidium /17,18/. This interaction is known to be very strongly

perturbed, and it is even inverted in the 2 D 5 / 2 state. Here, a full

third-order calculation based on HF orbitals does not at all re-

produce the experimental results, while a similar calculation based

on NO gives quite good results. These calculations have recently

been further improved by iterating the two-particle equations to

include higher-order correlation effects, and the theoretical re-

sults agree now with experiments within the experimental uncertain-

ties (Fig. 3).

Similar calculations have also been performed on the less

perturbed S sequence of sodium in direct connection with the corre-
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Fig. 3. Oonparison between experimental and theoretical results for the hyper-
fine interaction constants of the lowest D level in the rubidiím atcm.

sponding experiments (Project A1). The results obtained here agree

with experiments within 1-2%, while the HF model yields values

that are 25% too low.

During the last year calculations have also been performed

on the energy levels of the beryllium atom and beryllium-like

ions. Here, it is wellknown that the two configurations, 1s22s2

and 1s 2p , are very strongly interacting in the 1S states, and a

perturbation expansion based on a single configuration converges

slowly (if at all). Therefore, we have applied the multi-configura-

tion perturbation technique, partly developed in the group, in order

to include the strongly interacting configurations in the zeroth-

order wavefunction. Accurate ground-state energy is in this way

obtained already in second order. The upper 1S state of beryllium,

which has not been observed experimentally, is found to lie close

to the ionization limit. Higher-order calculations are in progress

in order to predict the position of this level more precisely.
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B. N U C L E A R S P I N S A N D M O M E N T S

(AFR 226-37,38,40)

C. Ekström, B. H e l l s i n g , M. Gustavsson, I . Lindgren, A. Rosén,

H. Rubinsz te in .

L

Our program of nuclear spin and moment determinations is now
concentrated mainly to the activities at CERN ' . The experimental
part concerns measurements on nuclei far from stabi l i ty , using the
ABMR apparatus connected on-line with the isotope separator at the
ISOLDE facility (Pig. 4). The f i rs t results were obtained with this
equipment in July 1975, using conventional off-line techniques.
When the on-line oven system was brought into operation in December
1975, the experimental procedure became highly facil i tated, and a
more efficient use of the beam-time could be made.

_4. The atonic-beam magnetic-resonance apparatus connected on-line to the
ISOLDE (Isotope-Separator-On-Line) facility at CEFN (Program B).

x)These experiments are performed in collaboration with S. Ingelman and G.
Wannberg, Uppsala, and M. Skarestad, CERN.



The target systems used in the production runs at ISOLDE have

been concentrated to those giving the heavier alkali elements and

mercury. The alkali elements rubidium, cesium and francium, and

gold (daughter product of mercury) are particularly suited for

atomic-beam experiments, and the atomic-beam group has performed

an extensive systematic study of nuclear spins and moments of

these elements. Altogether 31 spins and 8 magnetic moments have

been determined. The new spin values are collected in Table 1.
1 21

These measurements have revealed a new isomer in Cs.

Table 1. Nuclear spin results obtained at CERN

Rb

Cs

A =
I =

A =

I =

77

3/2

120

2

78

0

121

3/2

78m

4

121m

9/2

79

5/2

122

1

84m

6

122m

8

Au

Fr

1/2

A = 185 186 187 188 189 189m

1 = 5 / 2 3 1/2 1 1/2 11/2

A = 208 209 210 211 212 213 220 221 222

I = (7) 9/2 6 9/2 5 9/2 1 5/2 2

19/2

In our contribution /22/ to the 3rd International Conference

on Nuclei far from Stability, a systematic discussion of the nu-

clear structure in the regions around rubidium, cesium and gold

was made in connection with the results from the spin measurements.

It was shown that in all three elements the neutron-deficient iso-

topes far from beta-stability extend into regions with nuclear

deformation. Nilsson-model assignments were given to a number of

nuclear ground and isomeric states. The additional information ob-

tained from the later results on magnetic moments mainly confirms

this picture. In some cases, the moments distinguish between

different alternatives given. The francium isotopes 208~213Fr are

located close to the neutron-shell closure at N = 126. It is here

easy to find spherical shell-model states accounting for the

measured nuclear spins. The isotopes 2 2 ° - 2 2 2
F r > o n t n e other hand,

are located in a transition region between spherical and deformed

nuclear shapes. The nuclear structure of these isotopes and of

some transitional cesium and gold isotopes are difficult to explain



in terms of simple configuration assignments.

In Göteborg spin measurements on radioactive isotopes of re-

fractory elements have been performed for some time, using the

ABMR technique, a project that is now essentially completed. A
99determination of the nuclear magnetic moment of Mo is in progress.

Spin measurements have also been performed on the radioactive lead

isotopes, 201Pb and 2 0 3Pb, in metastable atomic states. The atomic

ground state is here diamagnetic and cannot be used in an ABMR

experiments /25/.

In two review articles /26,27/f a comparison has been made

between experimental and theoretical nuclear deformations, level

assignments and static nuclear moments of isotopes of 71Lu and of

7 2
H f - 77I]?r respectively. The investigations were motivated by

the results from systematic spin measurements in lutetium (Uppsala)

and in the 5d refractory elements (Göteborg).In the lutetium paper,

the disagreement between the spectroscopic quadrupole moments eva-

luated from atomic hfs data and internal quadrupole moments from

nuclear reactions is discussed and qualitatively explained. Also,

the small hexadecapole moment found for the stable Lu is nicely

explained by the theory. The analysis made in /27/ shows that the

Nilsson model can be used with confidence in this region to explain

and predict nuclear ground-state properties.

C. M O L E C U L A R S T R U C T U R E

(NFR 2656-022)

D.E. Ellis, V.A. Gubanov, A. Rosén

L

The molecular-structure calculations, which are performed in

our group, are based on the non-relativistic Hartree-Fock-Slater

(HFS) and relativistic Dirac-Slater (DS) models. The molecular wave-

functions are expanded as a linear combination of basis functions,

which are numerical HFS or DS eigenfunctions of the free atoms/ions

located at given sites in the molecule. Reviews of the method is

given in J. Chem. Phys. 62, 3039 (1975) and in /28-29/.

The interest in heavy molecules and large molecular clusters

has increased considerably during the last years. The actinide

molecules and compounds have in this respect been of particular

interest in the development of nuclear technology and isotope-



separation methods. We have during the last year done non-relati-

vistic and relativistic calculations for ionic clusters, appro-

priate to the actiniae oxides and dioxides AO, AOg, A = (Th, Pa,

U, Np, Pu, Am, Cm, Bk). The dioxides crystallize in the fluorite

structure with eight-fold ligand coordination. We have therefore
12-

considered (AOg) octahedral clusters, representative of the

solid AO». We have also for the purpose of comparison considered

(AOg) ~ clusters, characteristic of the monooxides with rock-salt

structure. In Fig. 5 is shown the non-relativistic unrestricted

(ÜHFS), restricted (HFS) and relativistic (DS) results for the

(UOg) ~ complex with the corresponding free-atom levels. A summary

of these calculations is presented in /30/. A further analysis and

calculation of X-ray emission spectra for these compounds is now

being made.

Calculations of relativistic and non-relativistic ionization

energies have been performed for a number of molecules as XF,

(X = W, Re, Os, Ir, Pt) /31/, CsX (X = F, Cl, Br, I) /32/. We are

10 F
Nori-rclaiivistic

Atomic
levels

- UC7p)
- U(6d)

. U(5f)~~~ ,'j

-10

a.
c:

UHFS
ot

NFS
Atomic
levels

10

«g-

*™••* \c7g U(6d)
U(7s) 2

*7u

bond """"—" band

O.:ygen M-r^g

l.U(6p)-

•out,) A

9
"."03

-3C l--

U(6p./7)

-10

-20

-30

L
_5. Comparison of Hartree-Fock-Slater and Dirac-Slater molecular orbital
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at present completing some calculations for chalcogen diatomics

X2 (X = O, S, Se, Te, Po) ana 3d-metal dichlorides and dibromides

XC12, XBr2 (X = Mn, Fe, Co, Ni). A review of these molecular calcu-

lations has been given by one of the group members (A.R.) as an

invited talk at a Gordon Conference last summer /33/.

The non-relativistic molecular program is at present used for

a calculation of chemisorption of a CO molecule on a nickel surface.

Molecular-cluster calculations for the CO chemisorption has earlier

been done by representing the surface with four nickel atomr in a

square and a nickel atom below this surface. The CO molecule is then

located at a certain distance from the surface above the centre

of the square (hollow position). Stig Andersson at this institute

has recently performed some new measurements with EELS-spectroscopy,

which show that the-CO-molecule is adsorbed above one of the

nickel atoms on the surface (top-position) and not in the hollow

position. We have therefore performed molecular-cluster calcula-

tions for NiCO and NiqCO clusters. The molecular eigenvalues ob-

tained from these calculations are in good agreement with experi-

mental results.

The relativistic molecular program, which was implemented at

the IBM computer at the research center "Gesellschaft für Schwer-

ionenforschung" in Darmstadt during the last year, has been used

for calculating correlation diagrams in ion-ion collisions. A cal-

culation for the gold-iodine system has now been completed /34,35/.

Non-characteristic molecular X-rays evaluated from that correla-

tion diagram have been found to be in good agreement with experimen-

tal spectra as measured by Mokier et al. (Phys. Rev. Lett. 2?>, 827

(1972)). Calculations of molecular X-rays for other systems, such

as Ne-Ne, Kr-Kr, Ag-I, are now in progress.

D. A P P L I E D S P E C T R O S C O P Y

Tunable lasers have become very valuable tools in the inves-

tigation of the basic properties of atoms and molecules. However,

many techniques originally developed for basic research have proved

to have a very high applied potential, e.g. in fields like environ-

mental and energy related studies. The atomic-physics group present-

ly has two such applied projects.
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DI. Environmental measurements (DFR 1091,1268, NFR 2656-26,29)

K. Fredriksson, G. Isaksson, D, Johansson, A. Linder, I. Lindgren,

K. Nyström, S. Svanberg, and G. Weibull.

Last year we started a project for the measurement of atmos-

pheric pollutants with laser techniques. During this year the pro-

gram has been intensified, and, in addition, an activity on water

measurements has been initiated.

A report describing our initial laser-radar (LIDAR) system

and the measurements at a field test at Trollhättan, Sweden, has

been completed /36/. The system consists of a pulsed nitrogen

laser, pumping a dye laser; a 25 cm telescope, and detection elec-

tronics. At the first field test mainly the contents of dust in

industrial effluents was studied. The theoretical back-ground for

measurements of this kind is reviewed in /37/.

During the year the system has been considerably refined.

Thus, the optical system now allows a fast change of measuring

direction without readjustments. Further, the detection system

has been strongly developed, now incorporating a fast transient

digitizer and a homebuilt computer for the averaging of repetitive

signals and signal processing. The wavelength of the laser is

Jjj. Field test of the remote-sensing equipment for measuring air pollution
at the oil refinery Scanraff.



adjusted from the computer and arrangements for the compensation

of electronic noise have been installed. The system was used in

a field-test at Scanraff, an oil refinery on the Swedish west

coast. The test was performed in cooperation with the Swedish

Space Corporation. In Fig. 6 the test area is shown. The con-

tents of particulate matter and nitrogen dioxide was studied.

The concentration of N02, emitted by a stack could be measured

with the LIDAR system, which was completely self-supporting,

with electricity supply from a motor-generator. Some measurements

on the spread of plumes were also performed, as well as passive

measurements of the spectral distribution of the sky, containing

information on the pollutant levels. A report on this field test

has been completed /38/. Work is now in progress for extending

the measurements to S02. The computer system is also being further

developed. For measurements of the air in Göteborg a well-situated

laboratory in the Physics Department is used.

Contacts have been taken with the Swedish Water and Air

Pollution Research Laboratory (IVL) in Göteborg for the coordina-

tion of remote-sensing activities. Further, the possibilities for

a joint project with Volvo, for studies of the combustion process

and car effluents using laser techniques, have been investigated.

During the year a project for studying particles in water

has been initiated in collaboration with the marine-biological

station at Tjärnö. A laser nephelometer, measuring the scattering

from the water as a function of angle, has been constructed. The

system can be used at a depth down to 20 m and is operated from

the surface. The system, incorporating a He-Ne laser, is powered

from a battery. The instrument will, after calibration with well-

defined latex spheres, be used for the study of algae, bacteria

and inorganic particles in the water. The possibilities of an air-

borne laser fluorimeter for the detection of oil and other water

pollutants are being investigated.

D2. Isotope shifts and laser isotope separation (NFR 2656-24,30)

P. Grundevik, M. Gustavsson, I. Lindgren, A. Rosén, and S. Svanberg

L
For different isotopes of the same element, nuclear mass- and

volume effects cause the optical transition frequencies to be

slightly different; an isotope shift is present. By studying isotope
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shifts, information on the nuclear structure can be obtained.

Sufficiently large isotope shifts can also be used for a selective

excitation of a chosen isotope, provided that a suitable narrow-

band laser is available for an efficient transfer of atoms into

an excited state. The excited atom can be separated out, if it

can be treated in a suitable way to prevent it to mix again with

the unexcited atoms. This can be done, e.g. by photo-ionizing the

excited atoms by further light radiation, or by selective chemical

reactions. Another possibility for a physical separation is to

use a selective field ionization of highly excited atoms. Here,

the Stark-ef£üct work,described in project A1,is of relevance.

Both atoms and molecules can be used for separation schemes.

Theoretical celculations are useful for predicting cases, where

suitable energy-level structures are present (Projects A3, C ).

Good methods for measuring isotope shifts are clearly of great im-

portance in the development of working separation schemes. So far,

the main effort has been to develop laser-spectroscopic methods

for this purpose. A CW single-mode dye laser with continuous

tuning capability is a very suitable tool for isotope-shift

measurements. Such a system has been ordered a long time ago but

will, due to long delays in delivery time, be available to us

only from the beginning of next year. With this system, wavelengths

down to 450 nm can be reached. However, the shorter wavelength

region also has a big importance, and we have developed a very

simple method for high-resolution laser spectroscopy with a pulsed

laser, extending the useful region down to 350 nm. Extra-cavity

Fabry-Peröt filtering of the fairly broadband laser output is used,

reducing the laser linewidth down to the order of 10 MHz. A colli-

mated atomic beam is employed in the spectroscopic investigation.

Our first paper describing this method for the case of isotope

shifts for dysprosium lines has now been published /41/. We have

extended this wozk into the deep blue region by studying the iso-

tope shifts of the 3988 A Yb line and the 4216 A Rb line /42/. We

have also improved our atomic-beam apparatus considerably, faciltat-

ing the measurements. Further, a computer program for the analysis

of the experimental data has been developed. We are now looking

into the possibilities for performing a physical separation of

isotopes on a laboratory scale.

A particularly spectacular type of photo-chemistry is the

laser-induced particle formation, recently observed for alkali



vapours by Happer and coworkers at Columbia University. Macroscopic

particles of alkalihydrid are formed in a cell containing alkali

metal and hydrogen, when the laser is tuned to resonance with the

suitable transition. The particles form a precipitation, "laser

snow", in the cell. We have produced suitable cells for experi-

ments of this kind and are going to look into the possibilities

for light-induced purification or isotope separation of valuable

materials.

L
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Research activities

Most of our activities are, in one way or another, directed

to the study of the electronic structure of condensed matter, par-

ticularly metals. The metal samples may be in the form of single

crystals, polycrystals, ultrafine particles, films (amorphous or

crystalline), or liquids. They are studied either by spectroscopic

methods (optical spectroscopy, tunnelling spectroscopy, Auger

spectroscopy) or by measurements o.f bulk properties such as magnetic

susceptibility, electrical resistivity and superconducting behaviour.

Interactions between electrons and electromagnetic fields (micro-

wave as well as optical fields) and between electrons and lattice

vibrations are of particular interest. These interactions can either

be used in high frequency detectors for use, for example, in radio

astronomies, in studies of the phonon distribution, or in determi-

nations of the electron band structure. The different projects

described below will give details.
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•Superconductivity

The superconducting transition temperature, T , is strongly

depressed by magnetic impurities. We have found that additions of

minute quantities of Mn decreases T ß of Cd at a rate of about

200 K/at. % Mn, being next to the highest depression rate ever

found. The drastic effect is connected with the magnetic interac-

tion leading to the so called Kondo effect. A strong pair breaking,

giving a lowered T , has also been found in CdCr, while Ni carries

no magnetic moment in Cd.

Nb^Ge is the superconductor which presently has the highest

T . It is therefore of great technological importance. Its A15

crystal structure is characterized by chains of close Nb neighbour

atoms running in three orthogonal directions.. It is believed that

the electronic structure peculiarities, leading to the high T ,

are due to these chains. Together with a group at Aarhus, we have

investigated T of Nb^Ge,, which has a composition and a structure

similar to that of Nb-Ge. A tetragonal distorsion gives chains

running in one direction only. T is decreased by about two orders

of magnitude, to 0.3 K, as compared with Nb_Ge, which points at

the crucial importance of the orthogonal chains in the A15 struc-

ture.

A 1 , Q V has an extra-ordinary phonon structure with localized

Einstein modes at frequencies corresponding to 20 K. Low lying

phonon modes are often considered as promoting a high T . However,

we found a more mediocre value, 1.6-1.7 K, which can be explained

by a small coupling between electrons and localized phonons due

to the special, open structure of the lattice.

Reale has recently claimed that a large number of otherwise

non-superconducting materials become superconducting with a rela-

tively high T c when quench condensed upon a cold substrate. We have

repeated his experiments but find no trace of superconductivity.

Our results are in good accord with scattered reports of several

other authors.

Tunnelling

L
Localized phonon modes have been detected by superconducting

tunnelling when light In atoms are added to either Pb or Tl (these

are the only examples with this experimental method). We study the



effect in the Pb-Tl system, which has an exceptionally large solu-

bility range. The impurity band moves smoothly from the location

in Pbln to the location in Tlln; the band i broadened by alloying.

Magnetic.interactions in A£Mn can be studied by a proximity

effect, i.e. superconductivity is induced in Ag_Mn by a metallic

contact to Pb. Electron pairs are broken by the magnetic impurities

and the tunnelling density of states is smeared. The degree of

smearing is governed by the impurity content and by the s-d in-

teraction strength, J. Vie estimate an effective J value of 0.4 eV

in AgMn from this type of experiments. The absence of an impurity

band in the energy gap may be explained by a low Kondo temperature,

which would merge this band with the continuum of excited states

at the gap edge.

We find that the electron pair penetration depth in a ferro-

magnetic metal is practically negligible. Cooper pairs cannot pene-
1 träte an Fe film, placed between two superconductors, if it is

thicker than 5-10 Å, i.e. a couple of atomic layers. Tunnelling

turned out to be an excellent tool to study this effect as the

tunnelling density of states is a sensitive property and as the

measurement is an integral one - edge effects due to improperly

covered surfaces can be minimized.

A pronounced current step at the half energy gap value is

registered for Pbln tunnel junctions. Such a structure can be due

to multiparticle tunnelling through a patchy oxide layer or to

interactions with Josephson type radiation. The former explanation

is favoured.

Applications of the Josephson effect

L

A parametric amplifier, built up by an array of 30 closely

packed Josephson tunnel junctions, shows promising results for

applications in the 30-100 GHz frequency range. Our experiments,

which are performed at 10 GHz for economical reasons, give a sizable

gain of 20-30 dB within a limited band width. A pump power as low

as 10 W is needed and signal powers as high as about 10~9 W can

be amplified before the device is saturated. Room temperature noise

can saturate the amplifier at the highest gains when no cryocooled

damper is included. Due to nonlinear amplification, no reliable

estimate of the (very low) noise temperature can be made. A maximum



brightness temperature of 1.7x10 K is deduced from variations of

the gain with input noise temperature.

Properties of small particles

L

The properties of extremely small metal particles (diameters

& 10 nm) are investigated experimentally and theoretically. We have

studied the growth mechanism for particles prepared by various

techniques, the optical transmittance through particle films and

the far infrared absorption of Al particles.

A statistical model for coalescence dominated particle growth

was formulated. It shows that the logarithm of the particle size

should exhibit a Gaussian distribution. This was verified by compa-

rison with our electron microscopic data for inert gas evaporated

particles of many metals. The same theory was applied successfully

to supported catalysts which demonstrates that coalescence, rather

than Ostwald Ripening, seems to be the dominant coarsening mecLanism.

Coalescence growth of islands in discontinuous gold films was studied

in cooperation with Dr Thorwald Andersson. Once more an accurate

description of the size distributions was achieved by use of our

statistical theory. Experiments on the field dependent magnetization

of superconducting Al particles, obtained in cooperation with Prof.

R.A. Buhrman at Cornell University, proved that the data could be

explained in minute detail by presuming a log-normal size distribu-

tion.

Surface plasmon modes can be excited optically i small

particles. In noble metal grains, for example, an absorption band,

which is not found in bulk specimens, occurs in the visible. To get

an accurate theoretical description of such phenomena we extended

the existing "effective medium" theories to several self-consistent

and non self-consistent formulations incorporating size distribu-

tions, non-spherical particle shapes, dipole-dipole interactions

and effects of dielectric pellicles or an absorbing medium sur-

rounding the granules. For the dielectric permeability of the

particles we employed ellipsometric data for which the free elec-

tron contribution was modified to account for size limited elec-

tron scattering. The theory was compared with- our transmittance

measurements for ultrafine noble metal particles and found to agree

to within a few percent irrespective of wavelength in the range



0.3 to 4 ym. The theory has also been extended to encompass the

electrical conductivity of inhomogeneous two phase media; we found

an excellent agreement with numerical simulations of a percolative

conductivity. Presently we are incorporating retardation effects

in the theories. We are also comparing computed results with op-

tical data for cermet films and for discontinuous gold films.

Remarkable spectral sensitivity has been found experimentally as

well as theoretically in coatings comprised of transition metal

grains. These effects are being developed in the context of selec-

tive absorbers of solar energy.

Far infrared absorption in Al particles is studied in coope-

ration with Profs. R.A. Buhrman and A.J. Sievers at Cornell Univer-

sity. We formulated a novel effective medium theory which treats

the extinction due to dielectric polarisation and magnetic polari-

sation (eddy currents) on an equal footing. The particles were

described either within a Drude type model or within the elaborate

quantum mechanical theory by Gor'kov and Eliashberg. The computed

results were compared with experimental data - including the first

results on powder samples with mean diameters less than 10 nm. The

measured absorption coefficients were orders of magnitude larger

than the predicted ones which indicates a new strong absorption

mechanism of as yet unknown origin.

Dilute Magnetic Alloys

Dilute magnetic alloys of Mn or Pe in Ag, AgPd, or Cd have

been investigated by susceptibility measurements in the temperature

range of 1.4-300 K.

AgMn alloys with concentrations, c, varying from 10 at ppm

to 4 at % were investigated. The magnetic ordering temperature for

alloys in the spin-glass regime, c < 1 at %, was determined to

^ 4 K/at %. For alloys with c < 100 at ppm, no interaction effects

are discernible and the concentration independent effective moment

and the Curie-Weiss temperature were determined from a fit to

X = X o + C/(T + 6) yielding p e f f = (5.18+0.09)yB and 6 = (0.06+0.05) K.

From a comparison with the theoretically calculated temperature de-

pendence of x by Krishna-murthy et al, the characteristic tempera-

ture, T R, was estimated to be 20-30 mK.
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Research program

Liquid crystals are fluids appearing in several thermodynamically
well-defined phases of variable but high intrinsic order. They are
thus in a sense intermediate between solids and normal liquids.
Many interesting principles of ordering not previously found in nature
are realized in these media, giving them new and different proper-
ties, e.g. elastic and optical, which can also be taken advantage
of in some technical applications. The simplest kind of ordering
bears some resemblance to magnetic order in solids, but no ferro-
magnetic liquid crystals seem to exist. In contrast, ferroelectric
liquid crystals have been predicted and also found. Such media
have properties far away from what would be expected from our know-
ledge of the corresponding solids. Finally, one more remarkable
kind of organization may be mentioned: the very large family
characterized by the combination of long-range order and short-
range disorder. This is the kind of liquid crystal which has also,
in the last years, been most frequently identified in living systems.
F~-r technical applications the main interest in liquid crystals is
connected with their multiple possibilities as electro-optic media.

The liquid crystal group only recently became an autonomous research
group within the department (december 1975). It is still in its
building-up stage, concerning technical know-how and training of
its members as well as creating operational standard of equipment.
The activity is not built up around a certain experimental facility,
although optical methods are used in some sense or another in practi-
cally every experiment. The ideal approach in our case would be to
combine certain measuring techniques, such as interference or bire-
fringence effects caused by external fields (magnetic and electric)
or flow, or both - to measure static parameters - with light scat-
tering techniques - to measure dynamic parameters - on the same sub-
stance. The experimental facilities at our disposal so far only
permit studies of static properties.



The work has been concentrated mainly to the classes of simplest
symmetry, nematic and smectic-A phases, although some preli-
minary studies on chiral nematics (with helical symmetry) have
been performed. The work on biaxial media (smectics-C) made in
collaboration with the Orsay group in France (reference 1,
below) will be continued in this.department next year. Some
areas of interest , like red blood cell studies and other in-
vestigations on biological material, will still have to wait
for more sophisticated equipment in order to be attacked. On
the other hand, efforts are being made, at the moment, to enter
the area of technical applications.
The present research activities can be divided in three cate-
gories: hydrodynamics, phase transitions and applications.
These are commented on briefly below.

Hydrodynamics of nematics

This experiment utilizes the fact that there is a coupling
between a flow shear and the tilt of the molecules in the flow.
The tilt is also affected by an external field (electric in
our case), and as the field couples to a slightly different
combination of elastic and viscous parameters, these para-
meters can be separated out and measured in a precise and ab-
solute way (cf reference 2, below). Optical effects of the
tilt are nov? being detected at a shear rate corresponding to
two plates rotating relative to each other at as low a velo-
city as one revolution per 48 hours. A practical difficulty
with the method is to controle the temperature over the volume
of the apparatus, which is not at all small. A series of mea-
surements taken at room temperature on biphenyls of different
chain lengths have to be supplemented by measurements at
higher temperature. Work on the necessary temperature regu-
lation is in progress.

Phase transitions and critical phenomena

This experiment, at the moment using a nearly second-order
nematic-smectic-A transition in a magnetic field, requires a
fine temperature regulation of about 0.001 degree in the
sample chamber and is ruined by minute temperature gradients
across the specimen. In order to minimize the gradients we
try to coat the optical windows with a conductive layer and
heat them by a weak current. One of the optical problems
involved in this experiment is that of determining the light
propagation in a medium where the direction of the optxj axis
varies in space as you move across the sample. This can be
handled by machine calculations (Ingolf Dahl).
The general interest in liquid crystal transitions lies,
among other things, in the fact that they may conveniently
be used to test different scaling hypotheses. Hydrodynamical
and electrical instabilities may also be studied under the
phase-transitional aspects.

Applications of liquid crystals

Two ideas are being pursued using suitably oriented nematics.
The first has the object of developing cells which perform

L



similar to achromatic lambda-half plates or tunable lambda-
quarter plates, the second has the object of blocking or
transmitting light signals using electric fields. A financial
support from the Swedish Board of Technical Development will
allow the supply of a commercially-seized vacuum deposition
equipment rquired to meet the high demands in treating the
surfaces enclosing the sample.

Dissertations in progress

I. Dahl (1975-): Nematic-smectic phase transitions

K. Skarp (1975-): Hydrodynamics of nematic liquid crystals

Post-graduate courses and principal seminars

Liquid Crystals (S.T. Lagerwall), CTH 04-1715

Phase Transitions (S.T. Lagerwall)

Publications

1. Y. Galerne, S.T. Lagerwall, I.W. Smith, "Biaxialité critique d'un

smectique C", Optics Communications 19 (1976) 147.

2. S. Holmström, S.T. Lagerwall, "Shear flow in the presence of

electric fields: a method for separate determination of elastic

and viscous constants of nematics". Presented at the Sixth Inter-

national Liquid Crystal Conference at Kent State University,

August 22-27, 1976. Accepted for publication in Molecular

Crystals and Liquid Crystals (in press).
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AgPdMn alloys with 5 or 10 at % Pä and between 10 and

6000 at ppm Mn were investigated. Alloys with Mn concentrations

< 200 at ppm have v&££ = (5.36±0.10)yß and G = (0.08+0.06) K,

independent of Pd or Mn concentration. For the alloys with about

7000 at ppm Mn, the ordering temperature decreases with increasing

Pd concentration. The results are interpreted as a decrease of the

effective RKKY-interaction strength between Mn impurities caused

by the addition of Pd atoms to the matrix.

The effective moment for Fe (2-6 at ppm) in Ag was deter-

mined to be (3.1+0.1)uß. The characteristic temperature was esti-

mated to be T „ = 1 K through a comparison with the theoretically

calculated impurity susceptibility using g = 2 and S = 3/2 for

an uncompensated spin. The results are consistent with those ob-

tained from Mössbauer effect and de Haas-van Alphen measurements.

The addition of Pd to AgFe introduces near neighbour Fe-Pd

interactions. These cause an increase of the effective moment on

an Fe atom and induce a moment on a Pd atom which is ferromagne-

tically coupled to the Fe spin.

Mn in Cd has an effective moment \i cc = 4.80yR independent

of concentration within the range 1-500 at ppm. The Curie-Weiss

temperature is of the order of 0.05 K. Cr in Cd has a localized

moment while Ni in Cd is non-magnetic. By susceptibility measure-

ments it was possible to accurately determine the concentration

of "magnetically active" Mn atoms in Cd, a number of importance

for the variation of the superconducting transition temperature

in this system.

Optical properties of metals and alloys

L

We have continued to use the ellipsometric method to study

the optical spectra of specimens prepared under ultra high vacuum

conditions. A second ellipsometer has been developed to record R

and R , in turn, as a continuous function of wavelength which pro-

vides an accurate and fast procedure.

A study of pure gadolinium metal was undertaken to check

recently published evidence for detailed spectral structure in the

interval hw = 1.8 to3.2eV. As we suspected no such structure was

observable. Data were taken between RT and 10 K over the interval

0.5 to 5 eV. The spectra clearly exhibit the changes produced

by ferromagnetic ordering and we estimate the spin splitting of

the valence d states to be 0.7 eV.



Pure Li metal has occupied our interest for many years and

its study has now been completed. The data obtained fall into two

categories which we associate with the b.c.c, and h.c.p. form of

Li. It appears that both these phases may be separatedly obtained in

metastable form froni the lowest temperature ^15 K to 373 K. Data

for the b.c.c. phase at 15 K are in good agreement with theoretical

calculation if one assumes the presence of indirect transititions

which shift the experimental edge to a lower energy. We associate

the second category of data with the h.c.p. phase and conclude that

the Fermi surface contacts the (0002) and (1100) zone boundaries.

For all our data the intraband absorption deviates markedly from

a simple oi dependence and the derived relaxation time shows

significant energy and temperature dependence. In contradiction

to the claims of Rasigni and coworkers we find no evidence for any

anomalous absorption in this metal. The work on Li metal- was

followed by a study of Li exposed to water vapour. The absorption

was characterised by a strong peak at 3.0 eV. It is thought to

arise on account of interatomic transitions in Li atoms embedded

in an oxide matrix or by F centre absorption in LiOH. This work

is being extended to cover the influence of oxygen and water vapour

on other alkali metals. The optical properties of the pure alkali

metals are not definitively established and this provides further

impetus for the work.

The programme of optical and electrical measurements on

films of .solid amorphous metal - noble gas mixtures has been completed.

A new differential method for the measurement of electrical resistance

of a metal-gas film during deposition allowed us to study several

films of different composition in a single experimental run. The

transition from insulating to metallic behaviour as the proportion

of metal is increased in CuXe, GaXe and PbAr films has been shown

to be percolative in character. Unfortunately we find evidence

to suggest pronounced segregation of the metal component in these

mixtures, and the observed transition whilst percolative in character

does not follow any existing theory.

Whilst spending a sabbatical year in the Dept. of Solid State

Physics at E.T.H. Zürich one of us (HP Myers) collaborated with

Dr. Y. Baer in an XPS study of the valence bands in solid and liquid

bismuth. The liquid has a valence band structure very similar to
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that of the solid and is therefore not at all free electron like in

spite of the Drudo optical spectrum of the liquid phase. It seems

that a Drude optical spectrum should be associated with an aban-

donment of K conbervation rather than a free electron energy band

structure. The coarse features of both liquid and solid valence

band structures can be understood in terms of the open structure

(large interatomic spacing) and the primarily atomic character of

the valence electron wave functions leading to a tight binding

approach to the band structure.

The optical absorption spectrum of Cs has been measured at

liq.N- and He temperatures for photon energies between 0.5 and 5 eV.

The spectrum can be explained in terms of transitions between

energy bands which, as expected, are somewhat less free electron

like than the bands of Na and K. No evidence was found for addi-

tional, anomalous, absorption mechanisms in the samples measured.

The samples were prepared by evaporation on to a liq. N- cooled

substrate.

Adsorption of relatively small quantities of O, (10 L) on the

Cs surface gives rise to a noticeable change of the absorption

spectrum for energies above 2.5 eV. In this energy range, broadened

energy levels located 2.5 eV below the Fermi energy and due to the

oxygen 2p electrons may be expected to affect the optical absorp-

tion of the sample. It thus seems that ellipsometric techniques can

be used not only to detect the presence of surface layers but also

to study the electronic structure of such layers.

Electron spectroscopy

The LEED-pattern as well as the change of work function and

electron energy loss spectra have been recorded for a Cu(lll) sur-

face as a function of Cs coverage. The LEED-pattern reveals that at

a certain coverage the Cs forms an ordered p(2x2) structure on the

Cu surface. The work function has a minimum for a somewhat smaller

coverage than required for the formation of the p(2x2) phase. The

intensities of elastically scattered beams as functions of energy

have been measured in order to gain information about the disposition

of the contents of the cell of this ordered surface structure.



Doktoral dissertations
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The activities fall into two fields;

a) metal physics and materials science

b) electronic structure and optical properties of matter, studied

mainly by means of various optical and X-ray methods.

Research activities

a) Metal physics and materials science,subgroup

The group's research is concentrated upon problems, within the

field of materials science, which can be attacked with the aid of

transmission and scanning electron microscopy. The main topics of

research are: high temperature deformation and fracture; structure

and properties of cemented carbides; and high temperature micro-

structural stability of alloys, properties of thin films.

I High temperature, low stress creep

The mechanisms of creep deformation in a 20Cr 30Ni austenitic

stainless steel at very low stresses (1-10 MPa) and high temperatures

(800-1000 ) are being investigated. Effects of alloy composition and

grain size (1) are being measured as is the extent of grain boundary

sliding. The project is carried out in cooperation with Sandvik AB

under sponsorship of the Swedish Board for Technical Development.

II High temperature fracture

An investigation has been concluded on the modes of final creep ;



r fracture which occur in 20Cr 30Ni austenite stainless steel (2,3).

Further work is proceeding on the intergranular cavitation and

fracture of a-brass containing Al under hot working conditions. The

nucleation and coalescence of cavities will be concentrated upon

using high voltage (1 MeV) electron microscopy. Cooperation is being

received from Granges Essem.

III Superplasticity

A quantitative study has been made of the dislocation structures

arising in superplastic Zn-Al alloys. Microstructures have been in-

vestigated after deformation at strain rates: at'; above; and below;

that for optimum superplastic deformation with the purpose of di-

stinguishing between different possible rate controlling mechanisms.

The work was supported by the Swedish Board for Technical Development

(STU).

IV Grain Boundary Sliding

Grain boundary sliding is being studied by combined optical and •

electron microscopy. Measurements have been made of sliding at indi-

vidual boundaries and the next step is to correlate these measurements

with electron microscope observations of grain boundary defect struc-

tures. Cooperation is being received from Prof. A. Thölén, D.T.H.

V Interactions between Dislocations and Grain Boundaries

This new project will study interactions between dislocations

and grain boundaries. In-situ deformation is being carried out in the

transmission electron microscope using a tensile stage especially

developed in this department. The project is supported by the Swedish

Board for Technical Development.

VI Recrystallisation of Powder Metallurgy Superalloys

The nucleation and early stages of recrystallisation in a Ni-bast; s

PM alloy have been studied by transmission electron microscopy in 1

order to determine the important microstructural features controlling ':'

the recrystallisation process (6). Cooperation is being received from <

the department of Engineering Metals, Chalmers.

VII Precipitation and Coarsening of Carbo-nitirdes in Alloy Steels

An extensive study has been made of the relative precipitation



and coarsening characteristics of very fine f.c.c. carbides in

ferritic steels (7-9) and. a new project has been commenced to study

the effect of composition of f.c.c. carbo-nitrides on their be-

haviour in austenitic stainless steels. The object is to establish

precipitate compositions which are favourable for ultrafine preci-

pitation and a high resistance to particle coarsening. Use is being

made of atom probe field ion microscopy together with electron

microscopy. The project is performed with cooperation from Uddeholms

AB under sponsorship of the Swedish Board for Technical Development.

VIII Cemented Carbides

L

The relationship between microstructural parameters of WC-Co

cemented carbides and flow stress and fracture toughness have been •

investigated (10-12.14) . A new project concerning the deposition of

hard surface coatings onto tool materials by, in the first instance,

chemical vapour deposition has been initiated. These projects were or

are being supported by the Swedish Board for Technical Development.

IX Grain Boundary Segregation studied with field ion microscopy

The atom-probe instrument has been modified and equipped with a

specimen exchange system. A photographic recording system, controlled

by the computer for automatic image registration during the analysis

has been built. (Publ 21) . jj

Field desorption is an alternative method for analysis of sur- •

face layers and a high-voltage, double-pulse generator has been de-

veloped for the exploration of this technique. i

X Radiation Damage in Metals

Extended defects are formed in tungsten irradiated at room

temperature with 230 keV Xe+ ions. Field ion microscopy has only

revealed dispersed vacancy clusters v/hereas transmission electron

microscopy also has shown the presence of vacancy loops.

The field ion microscope is now attached on line to the ion

accelerator for lov? temperature irradiations.

A device for comparison of field ion micrographs is being de-

veloped. This v/ill greatly increase the accuracy and speed of the

image analysis.



XI Physical Properties.of Ultrathin Films ;
•I

The physcial properties of ultrathin metal films depend strongly ?;

on their structure. The formation of a metallic continuous film can

be determined accurately by a special resistance meter. In order to

describe the growth of a film from resistance measurements the con-

duction mechanism in discontinuous films must be accurately known.

For a proper understanding of the mechanism measurements must be per-

formed at low temperatures. For this reason the construction of a

cryostat, for film temperatures down to 1 K, has started.

The distribution of particle sizes in a film is important for the

activation of conduction electrons. The size distribution of islands

in discontinuous films has been started, (publ. 15-20).

The strong excess optical absorption in discontinuous films compared

with the bulk metal has been studied in a preliminary investigation.

Parallel with the work on discontinuous films the construction

has started of a molecular beam system for molecular beam epitaxy

(MBE) of semiconductors. ;

b) Electronic structure and optical properties of matter

The group is concerned with studies of the electronic structure of

solids. Various spectroscopic techniques as well as computational

methods are used in interaction in order to establish the electronic

structure of chiefly metallic systems. As well as being of fundamental

importance for general theories of solids, the information is often

useful for an understanding of the underlying microscopic phenomena

responsible for specific macroscopic behaviour of materials. While

the main interest is focused on bulk properties the particular situ-

ation at interfaces, such as the vacuum-solid face, is an emerging

subject in the group.

XII Photoemission

Measurements on the angular dependence of photoemitted electron

energy distributions from single crystals have continued. In parti-

cular, the low index surfaces of copper at 16.8 and 21.2 eV photon-

energies were studied in detail during the first half of the year. A

theoretical model for the phötoemission process has been developed

and numerical calculations for copper carried out. The experimental

results can be explained by direct transitions in the bulk and sub-

sequent specular refraction through the surface. Only in one specific

case, namely for normal emission from the (111)-surface, a minor



feature must be associated with the surface.

During the second half-year the equipment has been rebuilt and

transferred to a new vacuum system.

Another project deals with studies oij, organic materials at low

photon energies, (< 11.6 eV) where the work function and angular

integrated distributions are especially studied.

XIII Optical Properties

Í
The reflectance of Be and Ca has been determined in the range

2-11 eV. The optical conductivity has been derived from the experi-

mental data and calculated (with constant matrix element) from known

band structures^. For Be the band structure by Taut and Skokan is

found to be accurate while for Ca the band structure by Nilsson et

al., needs small adjustments.

In cooperation with the Department of Electron Physics, inve-

stigations of the optical absorption in organic materials, specifi-

cally chlorophyll, have started.

In Lund synchrotron radiation is used for absorption studies up

to 30 eV. An UHV-compatible reflectometer has been installed and the

first measurements are planned for the beginning of 1977.

XIV Soft X-Ray Emission

AF. studies of Ea and La have been completed. Investigations

of compounds (e.g., of type V.jSi) and of alloys (e.g. of type CuMn)

are.under progress.

Most of the work has been devoted to the construction and build- ;

ing of a soft X-ray emission spectrometer working under UHV-conditions ;

The dispersion element is a spherically bent crystal. The apparatus ';

is fully automatized by use of a microcomputer which in turn is I

guided by a minicomputer. :

The project aims at studies of Bremsstrahlung and emission i

bands from metals and alloys. The first measurements are planned to ;

the beginning of 1977. '}

XV Band Structure Calculations '

A program package particularly suitable for band calculations

on compounds with many atoms per unit cell has been developed. So

called linear methods (LMTO and.canonical methods) have been ex-

ploited. "Nearly selfconsistent" potentials have been achieved by



iteration within the canonical scheme. Results of computations

on five compounds of V^Si-type give good agreement with spectro-

scopic data.

XVI Jahn-Teller problems

Our work on the Jahn-Teller problem continues. We have concluded

the work on' the strong JT-couplsd excited state of Fe + in ^gO

and have observed a tunnel-split-off state in stress experiments

showing that the system is not in the extreme static limit. We have

through stress-splitting of the zero-phonon-line (ZPL) been able to

determine the apropriate Jahn-Teller coefficients. These results are

in agreement with earlier estimates we made from moment analysis of
2+

the Fe absorption band.
2+

Presently we are investigating the weakly couple MgO:Fe ground

state. In contrast to our earlier absorption experiments (magnetic

dipóle induced) we now study the luminiscence spectrum. We hope this

will give two great improvements;

1. We will study an el-dipole transition and

2. We will be able to observe excited states not observable in

absorption due to strong lattice absorption in the energy

region of interest.
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CONDENSED STATE PHYSICS (KOMMETALS) AND BIOPHYSICS

Fields of research: Structure and properties of solid and molten ioaic com-

pounds including applications. Interferonit-tric methods for studying trans-

parent media, mainly liquids. Heat transfer in human tissue, etc. (inter-

disciplinary projects in cooperation with groups at the faculty of medicine).

1

Participants: R. Aronsson, fil. kand.

A. Beim, fil. dr.

B. Baranowski, professor (visiting scientist)

J. E. Bowling, Ph. D. (visiting scientist)

S. Gustafsson, docent

B. Heed, tekn. dr.

B. Jansson, fil. lic.

E. Karavfacki, mag. fyz.

M. B. Khan, Ph. D. (visiting scientist)

G. Knape, fil, dr.
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1) permanent address: Institute of Physical Chemistry, Polish Academy of Science,
Warzaw.

2) present address: Department of Metallurgy, University of Sheffield.

3) also working for UNESCO in Islamabad, Pakistan.

k) Department of Physics, Quaia-i-Azam University, Islamabad, Pakistan.

5) Laboratory of Experimental Biology, Department of Anatomy, Gothenburg.

Research activities

It is difficult to find a heading.that covers all the activities of our

section of the department, since most of our work concerns the properties of

inorganic ionic compounds, either solid or molten, while other studies are or.

living tissue in close cooperation with research groups at the faculty of medi-

cine. For some of our work the emphasis has been-on the development of experi-

mental methods, while in other cases the prime interest has been in obtaining

data in order to get a better understanding of the system under study. Finally,



our projects span from 'basic research to the development of applications, mainly

in connection with energy technology.

Solid electrolytes (superionic conductivity; fast ion conductors); properties,

structure and applications.

It is typical for ionic compounds that the electrical conductivity decreases

several orders of magnitude upon solidification. This is since ions are mobile in

the molten state (and in aqueous solutions), but they are fixed to their lattice

positions in solid phases. However, there is at present much interest for solid

phases in which at least some ionic species are highly motile. This is partly

because there is a number of possible applications for materials, where the elec-

trical conductivity is solely due to ions. (We are thus omitting in this dis-

cussion phases which are semiconductors), but these materials offer a challenging

field also for basic research, concerning e.g. the cause of a high ionic mobility

in certain phases.

Up to some ten years ago very few examples of solid electrolytes were known,

(Some authors prefer to speak of superionic conductivity, while others talk of

fast ion conductors.) but over the last years many findings of such phases

have been reported, and the search is going on along different lines.

Our work in this field is concentrated on sulphate systems, i.e. sulphate

is either the sole or the most abundant anion. Characteristic of these systems

are that all mono- and divalent cations have a high mobility in the conducting

phases, while for other classes (Agl-double salts, beta-alumina etc.) the number

of highly mobile ionic species is much more restricted. An interesting problem

is why the sulphates differ in this aspect from other groups of solid electrolytes.

A more general question is what conditions need to be fulfilled for a high ionic

mobility to exist in some certain phase. If this latter question could be

answered, it would be of great importance in the search for additional solid

electrolytes.

It is, however, necessary to concentrate our efforts on a few types of

investigations at the same time. This means that the emphasis of our work shifts

from year to year and that the results of both new and old investigations are

combined to give a complete picture. Thus, at present the sulphate-baseä solid

electrolytes are probably the group of solid electrolytes on which the greatest

variety of investigations has been performed.

While our earlier work on X-ray diffraction aimed at determining the type

. or structure of different phases, we are now looking at details of the structure.

One method that we are using, is studying the relative intensities of the different

lines of the X-ray patterns- The amount of information obtainable by X-ray diff-

I .-.t
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raction is, however, limited, and neutron diffraction is the only possibility

to get further, A preliminary diffraction study was kindly made "by Dr. M. Kay

at the Puerto Rico Nuclear Center, and the conclusion vas that a very high

neutron intensity is needed for this kind of work. We are now preparing an

experiment at the Institut Max von Laue - Paul Langevin, Grenoble, in cooperation

with scientists at Harwell and Uppsala.

We are continuing our studies of thermal expansivity of solid electrolytes

by means of both X-ray diffraction and dilatometry.

Our studies of the plastic flow of solid electrolytes with a Couette type

viscometer have also been continued. Activation parameters (activation volume,

activation enthalpy, etc.) have been determined for Agl and Li„S0i . Both salts

shov thixotropic behaviour in their high temperature (solid electrolyte) phases

with regeneration times of 2k h and 8 h, respectively. An order-disorder tran-

sition is indicated at ^35 C in Agl. The activation volume for dislocation
-26 3

movement depends on the applied stress, and a typical value is 20x10 in for

LigSOĵ  and 30x10~ m for Agl. The activation enthalpy is of the order of 2 eV.

Concerning thermal properties, an adiabatic calorimeter has been constructed

for measurements up to 800 C. At this temperature the heat exchange with the

surroundings cannot be neglected, but the correction term can be calculated by

using a computer from two experiments using different heating rates.

The heat capacities and heats of transformation of lithium sulphate-based

solid electrolytes have been measured, Pre-transformation effects have been

found, but they are influenced by the purity of the samples: i. g. the heat of

transformation of lithium sulphate is I*. 1x10 J mol~ if reagent grade salt is

•used (the total heat of pre-transformation is included in this value). The heats

of transformation of some of these compounds are high enough to be used in heat

storage applications.

Pressure dependence of the electrical conductivity of silver iodide c

The phase diagram of silver iodide, starting with y phase polycrystalline

samples, along with the Y> ot, fee and intermediate phase boundaries, was re-

examined by electrical conductance measurements carried out over long time

intervals.

The electrical resistance of fee Agl polycrystalline pellets was measured

in the temperature range 8°C to 120°C and the pressure range 3 to 28 kbars, using

argon as the pressure transmitting medium. Tlie values of the activation enthal-

pies were calculated for different pressures up to 7 kbars and were split into

three parts from vhich the enthalpy of activation for interstitial migration
AHi,m' tlne entnalPy f o r formation of a Frenkel defect, AH , and the excess enthalpy

of activation AH ^ wore calculated.'



I».

For 25 and TO C, the resistance vas measured up to 28 kbars, giving clear

evidence of the pressure dependence of the volume of activation, expressed as a

povrer series of pressure up to the quadratic term. The effective volumes of

activation are positive, tending to lower values at higher pressures. To our

knovledge this is the first time that a pressure dependence of the volume of

activation (A3) is observed. These results can be interpreted as an indication

that there is a gradual change from one transport mechanism to another on in-

creasing the pressure, i. e. from a Frenkel to a Schottky mechanism.

(This project is in cooperation with the Institute of Physical Chemistry,

Polish Academy of Sciences, Warsaw, where all measurements at pressures above

8 kbar were made.)

Skin temperature distributions in thermography and thermal properties of

human tissues.

Project in cooperation with the Laboratory of Experimental Biology,

Department of Anatomy, University of Gothenburg.

A graphical representation of heat transfer measurements and a graphical

solution of the heat transfer equation, describing the temperature changes

in a fluid flowing in a pipe localized in a heated or cooled region, have

been given. The solution is applicable to the axial temperature distri-

bution of the blood in a vessel passing a region of higher or lower tempe-

rature. The results add information on convective heat distribution in

vessels to available knowledge of conductive heat distribution in tissues.

The results can be used for analysis of temperature changes in the vicinity

of pathological tissues such as breast tumours.

Work is in progress to investigate the surface temperature increase

due to convective heat flow in blood vessels. The results have an immediate

relation to the clinical use of Infra Red Thermography (IRT) for breast

cancer detection. The general conclusion to be drawn is that increase in

skin temperature in the vicinity of a malignant tumour is not only due to

the heat production within the tumour but very largely to increased blood

flow.

Thermooptieal studies of molten and solid salts

By means of a rotateable cell the refractive index of molten silver

nitrate has been measiired at 6 different wavelengths over a temperature

range of 80K above the melting point. The temperature and wavelength

dependence of the reiYactive index has been calculated.
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Similar to what we have found previously for molten alkali nitrates,

the molar refractivity, defined by means of the Lorentz-Lorenz equation,

shows a slight, but significant increase when the temperature is increased

and also when the wavelength is decreased.

Yfork is in progress on a study of the refractive index in fee lithium

sulphate, a phase that is a solid electrolyte, cf other research projects

above.

Quasi-elastic lifiht scattering in liquids (Brillouin scattering)

The hypersonic behaviour of a series of molten nitrates has been studied

by Brillouin spectroscopy at different sound frequencies and temperatures.

Three types of data have been obtained: (1) hypersonic velocity data from the

frequency shift of the Brillouin components; (2) hypersonic absorption co-

efficients from the line-widths of the Brillouin components; and (3 ) relaxa-

tion times of the bulk viscosity coeffecient using a theory based on a single

relaxation time. The experimental results of the acoustic attenuation are

consistent with a relaxation curve calculated from the simplified form of the

relaxation theory.

Molten Ha-, Ag- and CsNO_ have been investigated in a temperature range

covering about 100 C above the melting points, in the gigahertzian region by

varying the scattering angle (Uo - 1UO ). A convolution technique has been

used in the determination of the Brillouin line broadening from the recorded

spectra. The relaxation frequencies were calculated to

•v» 7 GHz for AgřlO and ̂ 1 GHz in CsN0~.

Optical instrumentation

for HaHO ,

L

In early 1976 a research project was started in cooperation with the

Physics Department at Quaid-i-Azam University (University of Islamabad)

Pakistan. The intention is to develop a new multi-passed Fabry-Perot inter-

ferometer. Such interferometers are normally used for studying "back-scat-

tered" light from highly absorbing solids of liquids. The particular advan-

tage with a multi-passed interferometer' is that the contrast of this instru-

ment as compared to a conventional Fabry-Perot interferometer is increased

with several decades. This means, for instance, that i t is possible to

study the peaks of the Brillouin spectrum originating from both the longitu-

dinal and transverse phonon modes in a solid even if they appear very close

to the Rayleigh peak. For the interferometer we have designed two "two-

dimensional" corner prisms to be used both as resonators and beam-redirectors.



In this way the reflection and absorption losses in the instrument itself

will be kept at a minimum and the optically flat surfaces are being used

much more effeciently.

The work is presently focused on the design of a mechanical support of

the prisms to allow an automatic adjustment of the parallelism between the

reflecting surfaces and a scanning of the instrument with piezoelectric

transfusers.

As a part of this programme Dr. Nazim Khan from Quaid-i-Azam University

worked at this department for three months in raid 1976-

L
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Dissertations in progress

R. Aronsson (1976-), Optical interferometry of solid and molten electrolytes.

B. Jansson(1972-), Rheological properties of solid electrolytes.

E. Karawacki (1971-)s Refractive index of molten salts: accurate determination

and physical interpretation.

B.-E. Mellander (1975-), High-pressure studies of solid electrolytes.

L. Nilsson (1975-), Neutron and X-ray diffraction of solid electrolytes.

Post-graduate courses and seminars

Solid electrolytes (A. Lunden).

Optical interferometry applied to the study of liquids (A. Lunden).
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IMPURITIES, IMPERFECTIONS, ATOM MOBILITIES IN CONDENSED MATTER

Fields of research: Diffusion, ion microanalysis, applied
'interdisciplinary

Participants: P-E Eriksson, fil. mag.
S.J. Larsson, fil. dr
A. Loading, docent
T. Persson, fil. mag.
H. Odelius, fil. lic.

Research acitivities

I. The study of atom_transp_ort_in solid and liquid_inetalis is a

traditional speciality of the group. The compilation of reliable

diffusion data is of applied interest, as such data are rate con-

trolling in a great number of metallurgical and other processes.

However, the chief value of the study of diffusion, electrotransport

and thermotransport probably lies in the determination of binding

energies, crystal defect configurations, cooperative atom motions,

and other properties and parameters of the condensed state.

II. In recent years (in connection with the acquisition of an

advanced analytical instrument, ion probe; see below) the group's

activities have been extended to a considerable range of different

materials; interdis£i£linary_ materials research includes i a: im-

purity studies in semiconductors and relevant device materials;

micoranalysis of minerals and of biological tissues; corrosion and

other metallurgical studies.

III. The group's projects are to a considerable degree linked

with its ion microanalyzer ("ion probe"} . The instrument is based on

sputtering, mass spectrometric separation (SIMS) and ion imaging. It

combines very high sensitivity of chemical detection (ppb-ppm) with

high topographical resolution in three dimensions, and is particularly

suited to the study of impurities within the first few ym from the

surface of solid samples. The ion probe (whose acquisition to the

Gothenburg Materials Science Centre 1974 was fincance jointly by

STÜ and the Wallenberg Foundation) is the only instrument of its kind

in Scandinavia, and has been largely employed in commercial contract

work. One of the members of the research group (A L) is under STU

contract responsible for the operating, functioning and apDlications

of the ion probe. Two other participants are also primarily con-



cerned with ion probe work? one (S J L) under the auspices of NFR,

one (H O) on specific CTH employment terms.

I . Atom transport in solid and liquid metals (P-E E, A. Lv T. P.)

a} The research of jJolid metals, which had been nearly dormant

since 1974, has now been re-activated by a project aimed at bulk and

grain boundary diffusion. The method, developed jointly with a team

at the University of Stuttgart, is based on the employment of

synthetic bicrystals, stable isotopes and ion microanalysis. Pre-

liminary measurements have been performed on In as diffusant in Ni.

The continuation of the project is dependent on the outcome of an

application for financial support, presently under consideration by

STU.

bl Liquid metal studies have lately been mainly concerned with

convection mechanisms, the aim being the development of improved

methods of diffusion measurements. Preliminary experiments have in-

dicated considerable sources of mixing in connection with solidi-

fication of the metal column after diffusion anneal. Further, the

assumptions of "thin film" geometry in diffusion capillaries are

being checked. A new, "noň-destructive", cell design for the measure-

ment of chemical diffusion is in the planning stage.

cl In collaboration with the Technical University, Berlin, and

under the auspices of-the Spacelab utilization authorities, a pro-

ject is aimed at the measurement of self-diffusion (and, if feasible,

isotope diffusionl in liquid Sn. The data are to be obtained under

g-0 as well as g-1 conditions, in a very wide temperature'1 interval,

and under optimal avoidance (or delineation} of convection effects.

Evaluation takes place by the aid of the ion microanalyzer.

The metal research is partly supported by a grant from NFR

(2488-0321.

II Interdisciplinary materials research. (S.J. L, A. L.)

During 1976, the ion microanalyzer has been employed in about

4Q projects. Only those are listed here, whose evaluation and con-

clusions have entailed a substantial measure of original basic

research.

a) A long range project (partly in collaboration with the



School of Dentistry, Univ of Lund) is devoted to the study of

microelements and their kinetics in biological hard tissue, in-

cluding clinical aspects (caries, fluorosis, etc) of tooth and

bone. The research is supported by NFR- (2488-29, 31) and NFR.

Regular diffusion studies have been performed on geometrically

well-defined specimens of bovine enamel, in collaboration with the

Laboratory for Materia Technica, Univ of Groningen, Two different

diffusion mechanisms for flourine have been identified. Concentra-

tion distributions of about 10 elements have been determined in

human tooth specimens of widely differing treatment and pre-history.

In connection herewith, diffusion studies have been initiated in

' apatite crystals. Further, a grant has been received by the Anatomy

Dept., Gö, for a collaboration project entailing the ion probe

study of prosthetic material in bone.

b) An STU supported project, performed jointly with the

isotope separator group of this Institute (Dr. Holmen) , is de-

voted to the ion probe study of implanted boron and other im-

purities in silicon. The effects of radiation damage and heat

treatment are investigated, as well as the atomic mobilities.

cl In collaboration with FOA, Ursvik, the properties of liquid

sintered tungsten alloys are studied in dependence of microstructure

and chemical composition. Ion analysis of such alloys has been

rendered more quantitative, and has contributed to the explanation

of particular effects in mechanical behaviour.

dl The properties of surface protective coatings (such as

nitro-carburized oe chromatized layers) are being investigated (STU

grant 75-67Q6Í. Ton probe calibration methods have been devised

particularly for electronegative impurities in steel.

Ill Ion microanalyzer (S.J. L, A. L, H. O)

Thanks to the financial support of the Wallenberg foundation,

the instrument has now been equipped with a double-focusing electro-

static sector for quantitative work. The energy window has been

widened from about 20 to 100 eV, and the obtainable mass resolution

has been increased from about 3Q0 to 4500. A video modification

of the microscope function has been devised, and will be installed

early in 1977. Numerous studies have been performed to develop

new calibration methods, and to elucidate the physical parameters

of secondary ion production in different matrices.



Post graduate courses, seminars

With P-E E and T.P as organizers, a one week course on

liquid metal structure was given in August -76 (guest lecturer:

Dr. S. Steeb, Stuttgart), followed by a one-day symposium on

various aspects of liquid metals. The event was in part sponsored

by NFR (R 2488-033).

Introductory seminars and demonstrations of the ion micro-

analyzer were carried out as parts of last-year basic and post-

graduate courses at CTH, GU, Technical Univ. of Lund and Univ.

of Aarhus.

Publications 1976

1. S.J. Larsson, A. Loading, H. Odelius and L.G. Petersson:

"Calibration Methods for Ion Probe Application to Plourine

in Biological Hrad Tissue", Calcif. Tiss. Res., Dec. 1976.

2. L.G. Petersson, H. Odeiius, A. Lodding, S.J. Larsson and

G. Frostell: "Ion Probe Study of Fluorine Gradients in

Outermost Layers of Human Enamel", Amer. J. Dent. Res., Dec. 197-

3. S.J. Larsson, A. Lodding, H. Odelius and G.J. Flim: "Application

of SIMS: Study of Fluorine in Dental Enamel", J. Mass. Spec,

(in pressl.

4. G. Frostell, L.G. Petersson, A. Lodding, S.J. Larsson and

H. Odelius: "SIMS Study of Element Concentration Profiles in

Enamel and Dentin", Scand. J. Dent. Res., Feb. 1977.

5. A. Lodding: "Quantitative SIMS of Ionic Materials, Especially

Apatites", (submitted to Z. Naturforsch.).
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LIQUID CRYSTAL GROUP

Fields of research; The physics of liquid crystals, including

technical applications

Senior members

S.T. Lagerwalli docent
B. Stebler, docent

Graduate students

I. Dahl, fil. kand.
K. Skarp, fil. kand.

Associate members

Prom the department of theoretical physics (prof. S. Lundqvist)
T. Carlsson, civiling.
S. Holmström, civiling.

In this year a collaboration has furthermore been taken up with

civiling. Å. Hörneil from the department of Electron Physics II

(prof. S. Olving).

Research program

Liquid crystals are fluids appearing in several thermodynamically
well-defined phases of variable but high intrinsic order. They are '
thus in a sense intermediate between solids and normal liquids.
Many interesting principles of ordering not previously found in nature
are realized in these media, giving them new and different proper-
ties, e.g. elastic and optical, which can also be taken advantage
of in some technical applications. The simplest kind of ordering
bears some resemblance to magnetic order in solids, but no ferro-
magnetic liquid crystals seem to exist. In contract, ferroelectric
liquid crystals have been predicted and also foundi Such media
have properties far away-from what would.be expected from our know-
ledge of the corresponding solids. Finally, one more remarkable
kind of organization may be. mentioned: the very largo family
characterized by the combination of long-range order and short-
range disorder. This is the kind of liquid crystal which has also,
in the last years, been most frequently identified in living systems.
For technical applications the main interest in liquid crystals is
connected with their multiple possibilities as electro-optic media.

The liquid crystal group only recently became an autonomous research
group within the department (december 1975). It is still in its
building-up stage, concerning technical know-how and training of
its members as well as creating operational stardard of equipment.
The activity is not built up around a certain experimental facility,
although optical methods are used in some sense or another in practi-
cally every experiment. The ideal approach in our case would be to
combine certain measuring techniques, such as interference or bire-
fringence effects caused by external fields (magnetic and electric)
or flow, or both - to measure static parameters - with light scat-
tering techniques - to measure dynamic parameters - on the same sub-
stance. The experimental facilities at our disposal so far only
permit studies of static properties.
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The work has been concentrated mainly to the classes of simplest
symmetry, nematic and smectic-A phases, although some preli-
minary studies on chiral nematics (with helical symmetry) have
been performed. The work on biaxial .media.(smectics-C) made in
collaboration with the Orsay group; in Prance (reference 1,
below) will be continued in „this department, next year. Some
areas of interest , like red blood cell studies and other in-
vestigations on biological material, will still, have to wait
for more sophisticated equipment in order to be, attacked. On
the other hand, efforts are being made, at the moment, tö enter
the area of technical applications.
The present research activities can be divided in three cate-
gories: hydrodynamics, phase transitions and applications.
These are commented on briefly below.

Hydrodynamics of nematics

This experiment utilizes the fact that there is a coupling
between a flow shear and the tilt of the molecules in the flow.
The tilt is also affected by an external field (electric in
our case), and as the field couples to a slightly different
combination of elastic anJ viscous parameters, these para-
meters can be separated out and measured in a precise and ab-
solute way (cf reference 2, below). Optical effects of the
tilt are now being detected at a shear rate corresponding to
two plates rotating relative to each other at as low a velo-
city as one revolution per 48 hours. A practical difficulty
with the method is to controle the temperature over the volume
of the apparatus, which is not at all small. A series of mea-
surements taken at room temperature on biphenyls of different
chain lengths have to be supplemented by measurements at
higher temperature. Work on the necessary temperature regu-
lation is in progress.

Phase transitions and critical phenomena

This experiment, at the moment using a nearly second-order
nematic-smectic-A transition in a magnetic field, requires a
fine temperature regulation of about 0.001 degree in the
sample chamber and is ruined by minute temperature gradients
across the specimen. In order to minimize the gradients we
try to coat the optical windows with a conductive layer and
heat them by a weak current. One of the optical problems
involved in this experiment is that of determining the light
propagation in a medium where the direction of the optic axis
varies in space as you move across the sample. This can be
handled by machine calculations (Ingolf Dahl),
The general interest in liquid crystal transitions lies,
among other things, in the fact that they may conveniently
be used to test different scaling hypotheses. Hydrodynamical
and electrical instabilities may also be studied under the
phase-transitional aspects.

Applications of liquid crystals

Two ideas are being pursued using suitably oriented nematics.
The first has the object of developing cells which perform



similar to achromatic .lambda-half plntes or tunable lambda-
quarter plates, the second has the object of blocking or
transmitting light signals using electric fields. A financial
support from the Swedish Board of Technical Development will
allow the supply of a commercially-seized vacuum deposition
equipment rquired to meet the high demands in treating the.
surfaces enclosing the sample.

Dissertations in progress

I. Dahl (1975-); Nematic-smectic phase transitions

K. Skarp (1975-): Hydrodynamics of nematic liquid crystals-

Post-graduate courses and principal seminars

Liquid Crystals (S.T. Lagerwall), CTH 04-1715

Phase Transitions (S.T. Lagerwall)

Publications

1. Y. Galerne, S.T. Lagerwall, I.W. Smith, "Biaxialité critique d'un

smectique C", Optics Communications 19 (1976) 147.

2. S. Holmström, S.T. Lagerwall, "Shear flow in the presence of

electric fields: a method for separate determination of elastic

and viscous constants of nematics". Presented at the Sixth Inter-

national Liquid Crystal Conference at Kent State university,

August 22-27-, 1976. Accepted for publication in Molecular

Crystals and Liquid Crystals (in press).
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SURFACE PHYSICS

Fields of research: Surface structure, surface electronic excitation?

surface vibrations,, surface reactions, hetero-

geneous catalysis, surface chemiluminescence;

Participants: S. Andersson

H. Hammarqvist

U. Jostell

B. Kasěmo

K-E. Keck

I. Marklund

C. Nyberg

E. Törnquist

I. Electronic and atomic structure of surfaces

Physical properties of atomic and molecular layers adsorbed on

clean surfaces of metals are investigated by electron scattering

techniques (low-energy electron diffraction (LEED), electron energy

loss spectroscopy (EELS), soft x-ray appearance potential spectro-

scopy (SXAPS)). The ultimate aim is to determine atomic arrange-

ments together with electronic and vibrational excitations of the

adsorbed species in order to formulate models for the bond between

the adsorbate and the substrate.

Structure and electronic excitations of the bilayer systems,

Ni(100)p(2x2S - p(2x2)Na Ni (100)c(2x2)S - p(2x2)Na, c(2x2)S -

c(2x2)Na has been investigated by LEED and EELS. It is found that

both the sulphur and the sodium atoms occopy the hollow sites of

the Ni(100) surface, 1.3A and 2.5Å above the Ni surface plane

respectively. The sodium atoms do however maximize the number of

sulphur nearest neighbours. This indicates that a bond between Na

and S is formed. EELS measurements support this point of view.

Surface vibrational excitations of O in the p(2x2)O and c(2x2)O
2

structures on Nil 00 has been investigated by high-resolution

EELS and LEED. The EEL spectrometer that has been constructed for

studies of vibrational excitations consists of an electron energy

selector and an electron energy analyzer each of which is a segment

of a cylindrical mirror analyser. It has a resolution of 7 meV at 1

eV primary electron energy. The vibrational excitations of O in the

-.,*



Ni(100)p(2x2)O and c(2x2)O surface structures were observed at

53 MeV and 39.5 MeV respectively. This is compatible with multiple

bonding in the~Ni(100) hollow site as revealed by LEED. The

unexpectedly large change in vibrational excitation energy was

attributed to a low potential barrier for,oxygen dissolution into

the Hi substrate.

Oxidation of Ca, Sr and Ba has been investigated by SXAPS,

The 0 1s core level spectra reveal for the Ca and Fr substrates

two. distinct reaction regimes (i) a low exposure regime resembling

a chemisorption stage and (ii) a hi\h exposure oxide formation

regime.

II. Adsorption kinetics and chemilui":~-?scence in surface reactions

The adsorption kinetics of O 2 on evaporated films of Ti and Al

has been investigated by resonating quarz crystal microbalance

measurements. These results are correlated with simultaneous

measurements of light emission (chemiluminescencs) due to O2 ad-

sorption. For very small O~ coverages a distinct difference is

observed in the time-dependence of the light intensity and the

microbalance frequency shift. A semiquantitative analysis shows

that the adsorption is best described as a sum of two adsorption

rates. One reaction is very fast and takes place on a very small

fraction of the surface, probably at defect sites, e.g. grain

boundaries and dislocations. This reaction is observed only in the

light emission. The second, slower reaction is observed by the

light emission as well as the microbalance measurement. Typical

time constants for the slow and fast reactions at 1*10 torr are

102 and 104 sec for Al and 5 and 102 sec for Ti.

III. Heterogeneous catalysis

L
An experimental system intended for the study of heterogeneous

catalysis has been constructed. This work is part of a joint pro-

ject with Volvo AB. The experimental set up consists of a reaction

chamber containing the catalyst, a fine capillary which injects the

reactants and reaction products into a masspectrometer. The
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response time (transport from reaction zone to masspectrometer)

mm *I

ia <10 sec even at atmospheric pressure at the catalyst. The

reactions

2H2

2C0

-y 2H2O

•*• 2 C O 2

and

have been investigated what concerns e.g. ignition temperatures,

catalyst pretreatment and reaction kinetics.

Publications:

S. Andersson and J.B. Pendry: "Sodium and sulphur bilayers

on a NiClOO) surface", J. Phys. C9, 2721 (1976).

S.' Andersson: "Surface vibrational excitations of O in the

p(2x2)0 and c(2x2)O structures on Ni(100)", Solid State Commun.

2£, 229 (1976).

C. Nyberg: "The oxidation of Ca, Sr and Ba studied by APS",

submitted to Surface Science.

S. Andersson, J.B. Pendry and P.M. Echenique: "Low energy

electron diffraction from Na(110) and Na20(111) surfaces",

submitted to Surface Science.

B. Kasemo: "Chemisorption and initial oxidation of metal films

studied by chemiluminescence", Bull. Am. Phys. Soc., July/Aug.

1976. Invited paper presented at the 36th Physical Electronics

Conference, Madison, USA.
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