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A research laboratory financed by public means should give from time to time a compre
hensive description of its activities.

The staff of the European Institute for Transuranium Elements, which is the Karlsruhe
establishment of the Joint Nuclear Research Centre of the European Community
EURATOM, has, therefore, compiled this booklet for the information of the interested
public in general, as well as for colleagues, visitors and friends.

The first part describes the objectives of the Institute, its historical and geographical back-
ground, its structure, and its operation. In the second part, a more detailed account of
the activities of the Institute is given for the interested specialist.

The mission of the European Institute for Transuranium Elements is twofold:

1. Much of the work is concentrated on plutonium and its compounds, especially on those
which are considered for use in nuclear reactors, mainly fast neutron breeders. Although
the laboratory has established its competence for industrial fuel element production by
the fabrication of the fuel elements for the French MASURCA reactor, it is not in com-
petition with industry ;rather it engages in medium and long-term research programmes
dealing mainly with advanced nuclear fuels, such as carbides and nitrides.

2. The Laboratory maintains a general competence in the field of transuranium elements.
Chemical operations and physical measurements are carried out on heavy elements and
their compounds up to californium.

The Laboratory performs its tasks in close cooperation with national laboratories. Its ac-
tivity is coordinated, and kept useful and complementary to national research programmes
by a Programme Advisory Committee established by the Council of Ministers of the
European Communities . The committee is staffed with representatives from science, in-
dustry and government of the member states.

The European Institute for Transuranium Elements in Karlsruhe constitutes an example
of sucessful European Community cooperation in the field of nuclear research. Since there
exist only a few laboratories of this type in Europe (their construction and operation being
time consuming and costly), it can be assumed that the Institute willkeep its place
within the scientific and technical community for many years to come.

Karlsruhe, in April 1975

R.Lindner






I. The Institute, its Background and How it Works

The Transuranium Elements

Before 1940, the Periodic Table of the chemical elements ended with uranium, the heav-
iest element to have survived since the origin of the solar system. After the discovery
of neutrons (1932) there were numerous unsuccessful attempts to synthesize elements
beyond uranium. The search for transuranium elements led to the discovery of nuclear
fission by HAHN and STRASSMANN in 1939. As a result of experiments to measure
the cnergy liberated during the fission of uranium nuclei by neutrons, McMILLAN ob-
served the formation of radionuclides whose chemical properties did not agree with those
of any natural element. In cooperation with G.T. SEABORG, these artificial elements
were identified as TRANSURANIUM ELEMENTS. In analogy to the sequence of the
planets, the first transuranium elements were called neptunium (Np) and plutonium (Pu).
In 1951, McMILLAN and SEABORG were awarded the Nobel prize in recognition of
their discovery .

Formation of transuranium elements

A chemical element is characterized by its atomic number Z, i.e., the number of protons
in the nucleus. The atomic mass is determined by the sum of the protons (Z) and neutrons
(N) in the nucleus. To synthesize transuranium elements, proton numbers greater than
92 have to be attained by nuclear reactions.

The most important nuclear reactions used to build up transuranium elements are:

a) stepwise neutron capture and decay of f}-instable, heavy nuclides during irradiation
in a nuclear reactor,

b) multiple neutron capture during nuclear explosions or during rapid nucleosynthesis
in stars.

c) bombardment with heavy nuclei in particle accelerators.

Most of the first transuranium nuclides were synthesized by the nuclear reaction(a) :
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nuclide of neptunium down to less than a year for einsteinium. Heavier transuranium
clements have a fleeting existence measurable only in fractions of a second. But recent
calculations (based on the nuclear shell model and the existence of magic numbers) suggest
that elements with atomic numbers around 110 - 114 might be more stable again. So
far, however, attempts to synthezise or to detect in nature these superelements on what
SEABORG calls islands of relative stability in a sea of unstability have failed.

The Actinide Concept of Transuranium Elements

Before their discovery, it was assumed that the transuranium elements would be homo-
logues of the elements Re, Os, Irin groups VIl and VIl of the Periodic Table. This classifi-
cation was put in doubt when the newly synthesized elements proved to be similar to
the Rare Earth elements. The chemical similarity of the Rare Earths results from the
similarity of the configuration of the outer electrons; the 14 Rare Earth elements following
lanthanum differ only by the number of electrons in the inner 4f shell. The lanthanides,
therefore. are 4f elemenis. By analogy, SEABORG suggested that the transuranium ele-
ments belong to a family of 5f elements. The 14 elements following Ac (actinium, Z=289)
in the Periodic Table (up to Z=103) are characterized by increasing occupation of the
5f shell and are called actinides.

SEABORG s actinide concept was very successful; it allowed the newly synthesized ele-
ments to be fitted into the Periodic Table in an apparently logical way, it helped to find
methods to synthesize and identify heavier elements, and it found its ultimate confirmation
in the correct prediction of the chemical properties of element 104, which turned out
to be the homologue of Hf. Hf is the first element after the lanthanides in the Periodic
Table, and therefore element 104 is the first transactinide.
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On April 8, 1965, the member states agreed that the three Communities should have
one common Council of Ministers and one common Commission of the European Com-
munities, which started its work on January 1, 1968. On January 22, 1972, representatives
from the six original member states and from Denmark, Norway, Ireland and the United
Kingdom decided that the four latter states should become full members of all three Com-
munities, the agreement coming into effect after deposition of the ratification documents
on January 1, 1973. This was indeed the case, with the exception of Norway.

The European Atomic Energy Community Treaty

Its preamble states that the Treaty was concluded

- taking into consideration that nuclear energy is an indispensable source for the devel-
opment and the vitalization of the economy and for progress in peace

- with the determination to create the most favourable conditions for the development
of a powerful industry, which extends the energy production, modernises technology
and contributes to the welfare of the nations...

Article 1 defines the objectives of the Community: ... to contribute to an increase in the
standard of living in the member states and to the development of the relations to other
countries by preparing the grounds for a rapid development of nuclear industries.
Furthermore. Article 2 reads that in fulfilment of its duties, defined in the Treaty, the
Community has to encourage research and assure the dissemination of technological
knowledge.

According to Article 4. the Commission has to stipulate and facilitate nuclear research
in the member states and to complement these efforts by its own research and training
programme.

Article 8 provides for the creation of a Joint Research Centre which executes the research
programmes of the Community and other tasks defined by the Commission.

In Appendix I of the Treaty. the areas of research according to Article 4 are specified:
in Appendix 1V reference is made to the treatment of radioactive materials. and under
items (2) and (3) the chemistry and metallurgy of plutonium and the procedures for the
preparation and the chemistry of other transuranium elements are mentioned.

This is the basis for the creation and the operation of the European Institute for Trans-
uranium Elements.

Some Historic Dates and Facts

On December 21, 1960, a treaty was signed between the government of the German Fed-
cral Republic and the Euratom Commission concerning the construction and operation
of a transuranium laboratory on the site of the German Nuclear Research Centre near
Karlsruhe. The ground and the building were to be provided by the national counterpart.
with the construction work being supervised and coordinated by a mixed planning group.
composed of delegates from the Euratom Commission and the Gesellschaft fuer Kernfor -
schung; the laboratory was to be operated by the Commission.

The mixed planning group began its work early in 1961. The ground was broken and
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Safety First

The transuranium elements, especially plutonium, are often referred to as the most toxic
substances known to man.

They decay by emitting energetic alpha particles which deposit their energy within a very
short distance of their point of origin. Thus, although unable to penetrate a sheet of paper,
they inflict damage on all living tissues. Damaging effects always occur when alpha-emitt-
ing nuclides are incorporated into the human body. In fact, it has been found that the
greatest risk originates from inhalation. Protection of people working with transuranium
nuclides must be based on adequate control and containment of these materials. In addi-
tion, although alpha emitting nuclides generally can be handled at short distances. work
with irradiated fuel and with certain transplutonium elements requires heavy shielding
against gamma-rays and/or neutrons. The following table illustrates the handling problems

of '** Ce, a gamma-emitting fission product, of ?* Pu and of 252 Cf, an alpha. neutron
and gamma cmitting transuranium nuclide.

Nuclide type of halflife| shielding required for | maximum permissibie
radiation years 1 mg nuclide at 2 m ° | conc.in air, mg/m”’*
Ce-14k Garma 0.78 15 cm concrete 2.1079
Pr-1k4
-8
Pu-239 Alpha 24 LoG no shielding required 3.10
<11
CL-252 Alpha 2.65 90 cm water 1.10
Gamoa
Neutrons

+ for 3 40 hour week occupational exposure

Safety requirements for some radioactive nuclides handled at the TU Institute

The efficient protection of personnel and of the general public against release of and radi-
ation from transuranium nuclides handled in the Institute are assured by:

- suitable installations and equipment

- appropriate working rules and handling techniques

- the radiological protection service.

Installations and cquipment

Since control of air purity is of the utmost importance, the buildings of the Institute have
been constructed w.th a view to complete regulation of all air flows. Exchange of air be-
tween inside and outside wccurs at only a few places and in predetermined quantities.
A system of stepwise increasing underpressures forces air entering the buildings to flow
in the direction of greater contamination risk. Before leaving the building by wav of the
exhaust stacks, the air passes through a series of absolute filters. Continuous monitoring
of the air lcaving these stacks has shown that during the past § years the amount of









Contamination outside hot cells and glove boxes very rarely exceeds natural background,
and the average total body exposure of the personnel is less than 3 % of the limit prescribed
yearly for radiation workers. These results show that the principle that doses be kept as
low as is readily achievable, put forward by the International Commission on Radiological
Protection, is put into practice in the Institute for Transuranium Elements.

The following figures demonstrate the activity of the Institute’s radiological protection
service:

Hand and foot monitors in continuous operation 40
Alarm sensors installed in glove boxes and connected to the control room 1 800
Number of signals registered per year in the control room 5 000
Smear tests executed in laboratories per year 11 000
Pieces of clothing handled per year by contamination monitor 16 000
Measurements of air sampling filters per year 45 000
Floor area checked for contamination per year in m’ 80000

Beyond the Day’s Work...

The staff members and the visiting scientists have open to them a large number of social
activities. These are, at least partially, financed by the Commission and are managed by
acommittee (COPAS) which is composed of delegates from the administration and elected
representatives of the personnel.

At present COPAS supports twenty different groups whose activities range from judo,
fencing, soccer and tennis to chess and stamp collecting. The sports groups take advantage
of the excellent facilities of the European School. The football and volleyball teams regu-
larly take part in tournaments with other national and European institutions.
COPAS also arranges seasonal social gatherings such as dances in February, June and
November, a general sports day for all members of the Institute and their families, a family
excursion on Schuman Day, May 9, and a Christmas party for the children.

Thus there are ample opportunities for the staff members with their families to get to-
gether; the children even more so as a result of the summer holiday camps, arranged with
financial support from the Community during school holidays.

A variety of possibilities exist for those who wish to broaden their education and improve
their abilities. German is taught to newcomers from other countries. Courses in French,
English, Italian and Russian are given, and there are lectures on subjects such as Reactor
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Technology, Health Physics, Higher Mathematics, and Solid State Physics ..

All members of the Institute may participate in external courses, evening classes and spe-
cialist training programmes which the Commission supports.

The educational programme is rounded off by the Institute’s Seminary where interested
staff members gather every two weeks to discuss problems of general interest or to listen
toinvited lectures on topics which range from Fuel Technology, Energy Policy and Ecology
to Cryogenics, Astrophysics and the European Implications of Modern Art.

The City with the European Touch

Karlsruhe is situated in the Rhine valley, just below the Black Forest and midway between
the Castle of Heidelberg and the Cathedral of Strasbourg. Different stories are told why
and how the city of Karlsruhe was founded in 1715 by the Markgraf Karl Wilhelm von
Baden-Durlach. The children learn at school that Karl Wilhelm’s wife had lost her fan
in the forest called Hardtwald. On his attempt to find it, the Markgraf fell asleep under
an oak tree and saw in his dream how the fan turned into a fan-shaped city, and he promised
to build this city as he had seen it.

The other version has it that the Markgraf's wife was jealous of him, with good reason,
which made the Markgraf suffer so much that he left her alone in the Durlach Castle
and moved into a newly constructed residence in the Hardtwald, the architecture of which
was inspired by Versailles... The city of Karlsruhe, meaning Karl’s resting place, then grew
around the castle. In his new residence, the Markgraf was surrounded by a female bod-
yguard, called the Tulipgirls, which sheds some doubt on the justification for the choice
of name for the place.

Whatever may have been the reason for founding Karlsruhe, the result impressed Thomas
Jefferson so much that he recommended it as a model for the construction of the American
capital, Washington, D.C.

Right from the beginning of its history, Karlsruhe was a truly European city:
- It was constructed with the aid of masons and workers from southern ltaly, who added
a particular note to the local dialect, the Brigande-Deutsch which may still be heard

in the streets of old Karisruhe,

- In 1825 the Karlsruhe Polytechnical School (Technical University) was founded by
TULLA according to the model of the Ecole Polytechnique in Paris.

- Since 1955, Karlsruhe has had friendly links with two partner cities, the French city
of Nancy and the English city of Nottingham.,

- Karlsruhe is the terminal of oil pipelines coming from the Mediterranean and from the
Black Sea and hosts several multinational petrochemical firms.

Karlsruhe, finally, is not only the home of the European Institute for Transuranium Ele-
ments and of Eurocontrol (an international organisation for the supervision of high alti-
tude aircraft traffic) but also of the first European School in the Federal Republic.
Some dates:

1715 Foundation of the city by Markgraf Karl Wilhelm

29









As to be expected, relations between the European School of Karlsruhe and the Institute
are very close. The Director of the Institute is a member of the Administrative Council
of the school and the Parents Association is run primarily by members of the Institute,

In 1974 there were
310 pupils in the German division, 217 pupils in the French division
225 pupils in the Italian division, 73 pupils in the Dutch division,

with altogether
76 children in Kindergarden, 403 children in elementary school and
346 children in high-school.

Some Results and Achievements

The results of the scientific and technological work carried out at the Institute are described
in Semestrial Reports (TUSR, limited distribution). discussed at meetings and confe-
rences, published in Euratom reports and in scientific and technical journals. A condensed
bibliography is given at the end of the booklet.

A description of the results obtained at the Laboratory during the ten years of its existence
must, in the present context, be incomplete and superficial. Only a selection can be in-
cluded. More detailed information may be obtained by referring to the bibliography or
by contacting the Institute’s Documentation Service.

As already indicated, the programmes of the Institute (Plutonium and Transplutonium)
are centered on two main subjects:

- Fuel Science and Technology (mainly plutonium) and

- Basic Actinide Research (mainly transplutonium elements).

Fuel Science and Technology is to be understood in the broadest sense. comprising the
development of fuel fabrication techniques, the study of physical. physicochemical and
thermodynamic properties of plutonium-based fuels, the preparation and execution of
irradiation experiments, the post-irradiation structural, chemical and isotopic analysis. the
study of fuel-cladding interactions and the investigation of swelling phenomena.

The objective of the Basic Actinide Rescarch carried out at the Institute is to understand
the chemical bonding in actinide clements and compounds and in particular. the role of
Sfclectrons in atomic interactions. Work on actinides in general concerns the production.
scparation and purification of transplutonium elements, the preparation of alloys and
compounds, the investigation of their thermodynamic and physical properties and the
study of technological applications.

Although this rather crude subdivision has in fact been substituted lately by a more detailed
project organisation, a mixed arrangement is used in this review.
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Restructuring and geometrical swelling were found to be less accentuated in mixed nitrides
than they are in carbonitrides and in carbides. The averaged geometrical swelling rate
of nitrides was 0.12 % per a/o burn-up.

The migration of plutonium, uranium and of fission products in advanced fuels under
irradiation does not seem to cause corrosion problems comparable to those observed with
oxides, whercas carbon may promote corrosion in the case of carbides.

In cight years of operation, the Hot Laboratory examined 141 irradiated fuel pins and
ten irradiated capsules of which 80 pins and all capsules underwent complete destructive
examination. The capsules as well as 20 oxide pins and 15 pins containing advanced fuels
had been irradiated within the framework of the Institute’s own research program. The
other cxaminations were carried out upon request from laboratories in the member states
of the Europcan Communitics.

Simulation Experiments

The post-irradiation work is complemented by simulation experiments, where non-irra-
diated fuel samples are submitted to conditions which might prevail during irradiation
by adding non-active fission product elements to the fuel matrix and/or applying tempera-
ture fields which are characteristic for fuel pins in operation. A better knowledge of the
redistribution of oxygen, of plutonium and of certain fission products as well as of the
formation and development of structural features during irradiation has been obtained
by these experiments.

Uranium-plutonium carbides, nitrides and carbonitrides with fission product additives in
amounts simulating burn-ups between 3 a/o and 17 a/o were prepared and investigated
by ccramography. by x-ray diffraction and by means of the electron microprobe. The
swelling rate due to the accumulation of solid fission products in mixed carbide fuels was
deduced from these investigations to be 0.49 % per a/o. The diffusion of plutonium in
these substances was studied, and their heat conductivities were measured at temperatures
between 800°C and 1500°C.

Swelling of Advanced Fuels

Within the framework of the Laboratory’s program on swelling, rods of mixed carbides,
oxycarbides, carbonitrides, and nitrides were irradiated at a maximum linear power of
about 1350 W/cm at the Dounreay and Rapsodie fast reactors and analysed with special
regard to alterations of the fuel structure during burn-up.

In all fuels, fission gas bubbles were studied by replica electron microscopy. The results
of a detailed structural analysis combined with those of laboratory experiments on self-dif-
fusion, grain growth, pore mobility, thermal conductivity and burn-up simulation have
been used to gain information on the mechanisms of fission gas swelling and gas release.
Highly rated carbides and carbon-rich carbonitrides exhibited a gas release of up to 635
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Post-irradiation examination of pinsirradiated in the Dounreay and Rapsodie fast reactors
has shown that cladding corrosion depends mainly on initial fuel stoichiometry, cladding
temperature and burn-up. Corrosion was found to increase as the initial oxygen to metal
ratio of the fuel was raised in the range O/M = 1,93 to 2,00. The depth of corrosion
was found to increase with increasing burn-up provided the cladding temperature was
above 500°C. Increasing Pu-content of the fuel from 20 to 30 % had a negligible effect
on corrosion. The different types of cladding material used. 1,4988 and 1.497() stainless
steels and 625 inconel nickel based alloy. did not differ greatly in their corrosion behav-

iour.
The inner surface of stainless steel cladding has been found to become hardened and em-

brittled during irradiation, and the amounts of corrosion products in the fuel/cladding
gap after irradiation did not correspond to the amount of corrosion that had occurred.
Mcthods are being developed and applied to measure the radial distribution of oxygen
and of certain fission products.such as cacsium and tellurium. in oxide pellets that have
undergone irradiation. For this purpose. microsamples were drilled out of irradiated pel-
lets in a hot cell and analysed afterwards.

In an attempt to understand and to interpret the various processes leading to clad corro-
sion, consideration is given to oxide and spinel formation with special attention being
paid to chromium depletion and to the properties of passivating layers, the various meth-
ods of corrosion attack or ablation, formation of lavered structures and most important
of all, grain boundary attack. The oxygen potentials and constitutional diagrams of the
various oxides of the steel constituents and fission products have been evaluated. The
problem of the appearance of gas transport reactions of steel components in the presence
of caesium excess was experimentally solved and led to the suggestion of an electro-che-
mical model for the reaction mechanism.

Basic out-of-pile studies are at present being performed to ellucidate in detail the com-
plex reaction mechanisms under the simulated reactor operational conditions. Electro-
chemical methods. such as potentiostatic or galvanostatic techniques, as well as electron
probe microanalysis and x-ray diffract ometry, are used.

Modelling Work

Parallel to the experimental and theoretical rescarch on fuel materials, the Institute pur-
sues a modelling activity which brings together the various pieces of information on the
thermal and structural behaviour of fuel pins under irradiation as parts of a complex sys-
tem. The manifold interactions of the various parameters of this system and their feedback
chains are analysed by means of computer codes. The aim of this work is to evaluate
the relative importance of the various components of the system in producing certain
phenomena (such as swelling, central melting, cladding rupture, clad corrosion) and to
predict the evolution of temperature and of structural features of a given fuel pin configu-
ration under well defined conditions as a function of irradiation time.
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Abundance of Fission Elements (a/o) at Reactor shut-down
PN | - T [ LWR-2] LWR-3 FBR-1 FBR-Z
n 7.02 IO_: 1.18 '0:473 1.64 lo:Zi 0.0 0.0
Ga 2.12 1075 [ 3.56 1073 | 4,96 1073 00 0.0
Ge 1.43 107, [ 156 10_ | 1,70 10_; 1.3 10 ¢ 3.85 107,
As 4.45 107" [ s.06 100} | 5.67 107 $.22 1073 1.31 1077
Er 2.16 107, | 1.94 10, | 1.74 107, 3.40 107, 1.68 10_,
Br 8.98 10 8.47 107 8.06 10_} 1.22 10, 6.56 10,
Kr 1.74 10, 1.36 100 | 9.64 107 2.09 10, 1.18 107,
Rb 9.43 107 6.99 10, 4.71 105 1.12 10, 5.84 107
Sr 3.88 10, 2.84 10, 1.88 10_, 3.81 10, 1.96 107
Y 1.76 10) 1.29 10 8.61 107 2.01 10) 1.08 10,
zr 1.25 10 1.07 10_ | 9.07 10, 1.34 10, 9.94 10,
Nb 1.3 10] 1.23 107 1.12 10] 1.65 10 1.34 10]
Mo 1.08 10, 1.06 10, 1.05 10, 1.12 10, 1.04 10,
Tc 2.80 10, 2.80 107 2.80 10 2.59 105 2.56 10
Ru 7.14 100 8.56 100 9.87 107 7.69 104 1.07 10,
Rh 1.53 105 1.87 100 2.19 109 1.82 107 2.83 10
Pd 4.53 100, | 7.01 102, | 9.29 107, 2.92 107, 6.95 10_,
Ag 2.24 107 | 3.8 100, | s.21 107 3.02 107; 8.79 107,
cd 1.37.100, | 2.21 100, [ 2.95 107, 1.64 107, 3.78 10_,
In 8.05 107} i.12 107} 1.40 107} 1.47 107 2.64 10}
Sa 1.43 107, | 1.98 100, | 2.49 107, 3.28 107 2.44 107,
sb 4.24 10 6.16 10, 7.99 10 1.18 107 7.62 10,
Te 1.27 107, t.36 10, 1.45 10, 1.51 107, 1.61 10_,
3 6.80 107 7.7110] 8.58 10) 9.11 10} 8.94 10]
Xe 1.39 10 1.41 10, 1.43 10, 1.10 10, 1.15 10,
Cs 9.07 10, 9.18 10y 9.27 107 9.22 10, 1.00 10,
Ba 3.19 10, 3.02 107 2.8 10, 3.43 100 3.19 105
La 2.88 100 2.78 107 2.68 10 2.99 107 2.88 10,
Ce 6.58 10 6.22 10, 5.89 10, 6.83 10 6.39 10
Pr 2.47 10y 2.47 10, 2.48 10, 2.72 109 2.5 107
Nd 8.20 10_, | 7.69 107, | 7.21 107, 8.52 10 7.46 107,
Pa 5.93 10, 5.83 107 5.73 10y 6.95 10, 7.45 100
Sm 1.99 107, | 2.15 100 | 2.3 10, 1.49 102, 1.98 107,
Eu 1.55 10_, 1.99 107, | 2.39 107, 1.59 107, 2.60 107,
cd 1.64 10_3 | 2.40 107, | 3.10 10], 7.79 1073 1.45 107,
™ 4.96 10 8.15 10 1.09 10 3.42 10 9.36 10

Fission element abundances in different fuels

Basic Actinide Research

[solation and Purification of Transplutonium Nuclides

Transplutonium nuclides have been isolated from several sets of irradiation targets after
exposure of 2! AmO,-Al cermets to integrated neutron fluxes of 10°! - 10?* n/cm?. The
transplutonium elements were separated from cladding and matrix material, fission prod-
ucts and plutonium by precipitation, ion exchange and extraction chromatography. For
the first time in Europe. microgram amounts of ***Cf were isolated and encapsulated as
aspontancous fission neutron source. The mixture of 2*! Am and 2*> Cm oxides was recov-
ered from irradiated targets to fuel a radionuclide battery. After the radioactive decay
of isotopically pure **? Cm, biomedical grade ** Pu could be separated.

Multigram amounts of commercial grade **' Am, *** Am and *** Cm oxides have been
purified as starting material for the preparation of metals and compounds. Column extrac-
tion chromatography with quaternary ammonium salts and acidic phosphorous esters was
the most effective method.
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Selected Bibliography

The results of the work performed at the Institute for Transuranium Elements during
the past ten years were published in more than 700 contributions to scientific and technical
journals, to meetings and conferences, and in the form of external and internal reports.
A condensed bibliography is given on the following pages.

Reprints and additional information on specific subjects can be obtained either directly
from the authors or from the Laboratory's Documentation Service.
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