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MESSAGE TO THE 18 T H CONVENTION OF THE NUCLEAR SOCIETIES IN ISRAEL
Louis Tepper, President
The Israel Nuclear Society
It is nearly three years since our last National Convention in Beer-Sheba in
May 1992. This is much longer than the usual time between our conventions.
We had of course the International Conference on Reactor Physics and Reactor
Computations last January, sponsored by the European Nuclear Society. That
conference was very successful and more than 150 distinguished scientists
and engineers from all over the world, from 26 countries, participated. That
conference also brought us one step nearer to Europe and to the European
Nuclear Society, of which we are an associate member with special status of
observer at the Steering Committee.
Many things happened since May 1992 in the world and in Israel. The definite
end of the Cold War, the final collapse and dismemberment of the Soviet
Union, the recognition by Arab states and Palestinians that it is in their
interest to negotiate peace with Israel, the signing of agreements, the
establishment of relations of a sort - commercial or otherwise - with Arab
states far away.
How did all this affect the status of nuclear energy in the world and more
specifically in Israel? Not very much, I am afraid. The U.S. administration
today is not too enthusiastic on nuclear energy, to put it mildly. The
American Nuclear Society is at present waging an intensive information drive
at two levels, directed at the public and the decision makers. This effort
is intended not only to explain the advantages of nuclear energy, mainly in
terms of environment and availability, but more importantly to explode the
myths of doom-like danger which the professional anti-nuclear activists
managed to impress into the minds of a sizable segment of the public.
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Strange as it may sound, the public is still unaware and reluctant to
believe the simple documented fact, that there has not been a single fatal
casualty of radiation as result of an accident in any nuclear power plant in
the Western world, ever since commercial nuclear power was introduced in the
late fifties. In numbers this means 20 trillion kwh, or about one trillion
dollars. No other industry can show such an impressive safety record. Also,
no other industry is as thoroughly safety-regulated and safety-documented.
The Chernobyl accident of course tarnished the image of nuclear reactors, in
spite of the abysmal difference between Soviet and Western reactors and
safety culture. Also, the consequences of that accident, catastrophic as
they really are, were exaggerated beyond any rational thought or scientific
proof by the anti-nuclear activists and a sensations-hungry media. Even here
in Israel, where real sensations follow one another at a breathtaking speed,
too often reflecting events so tragic that no media magnification is
possible, the anti-nuclear activists managed to create an artificial problem
by whipping up fears of radiation disease among tens of thousands of Jewish
immigrants from the Ukraine.
The outlook in most of Western Europe is not much different, if not worse,
from that in the U.S. Electoral considerations probably weigh more heavily
in Europe because of its more pluralistic system of government, which often
causes larger parties to adopt, in certain issues, policies which originate
in smaller, more radical parties. France of course is an exception with its
80% of nuclear electricity, and Britain may hopefully emerge as a more
nuclear-intensive economy after completion of the new Sizewell B plant.
Our distinguished guest from Spain, Rafael Caro, will later elaborate
extensively on the nuclear landscape in Europe.
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It is in the Far East where the situation is markedly different, with new
and modern nuclear power plants coming on line all the time in Japan, Korea,
Taiwan. The reason for this is simple: those are energy-starved countries
pursuing a policy of aggressive industrial expansion, who cannot allow
themselves being dependent on an uninterrupted flow of imported oil and
other fossil fuels. It was at the height of the first oil crisis that Japan
decided to cut that dependency and embark on an accelerated NPP program.
France too decided on an accelerated program at the same time. The rest of
Western Europe, however, satisfied at present with the supply of fossil
fuels, decided to bow to pressures and stop increasing the nuclear share of
their electricity. The nuclear come-back there will probably start with the
next oil-crisis, sparked either by political or by economic reasons.
Israel, like Japan and the other Far East countries, has virtually no
indigenous energy resources, being therefore a prime candidate for the
exploitation of nuclear energy. However political international limitations,
having in my opinion no relation whatsoever to NPP's, have blocked the
introduction of nuclear electric power to this country for the past
seventeen years. In this context, and coming back to the above mentioned
information drive of the American Nuclear Society, it is to be hoped that in
their effort they will also include a long overdue separation between
nuclear electric power and nuclear weapons. This at least is the thought of
ANS's

incumbent

president Alan Waltar, whose book "While the Eagle

Slumbers", to be published shortly, I strongly recommend.
Let me finish this message with an appeal to all of you, nuclear engineers
and scientists, to use your knowledge not only for your work, but also for
informing the public on the true aspects of nuclear energy and its
advantages for Israel.
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FROM PHOTOBIOLOGY TO RADIOBIOLOGY AND BACK: BIOLOGICAL EFFECTS OF
NUCLEAR RADIATIONS AND SUNLIGHT - SIMILARITIES AND DIFFEHENCES
Emanuel

Riklis

Emeritus Professor, Nuclear Research Center-Negev, Beer=Sheva.

The most important specific radiation products in DNA have been
discovered at the early 1960s by exposure of cells to short
ultraviolet radiation (UV-C, 254 nm). The product identified as
thymine dimer ( T O T ) had very quickly become the focus of attention
due to tivo properties: a) It has been shown as the main lethal and
mutagenic photoproduct, and b) It is repaired biochemically by a
series of enzymes and pathways. Of these the most famous are the
photoreactivation pathway, which is specific to UV light exposure,
and the excision repair (Setlow and Carrier 1964; Boyce and
Howard-Flander 1964; Riklis 1964, 1965) which several years later
was proven operational also following exposure to ionizing
radiation, as predicted by Riklis (1965).
In principle, ultraviolet light is an electromagnetic radiation,
whose main chracteristic is the very obvious dependence of its
effects on the wavelength. Short wavelength UV-C (200-280 nm) is
absorbed by DNA at the peak of 260 nm, thus producing many
different photoproducts. Intermediate UV-B (280-320 nm) is known as
the region causing sunburn, and tanning, while the long wave IJV-A
(320-400 nm) was considered not harmful, yet tanning. The other
electromagnetic radiations such as gamma rays and X-rays are
ionizing radiations, hitting randomly, producing mostly strand
breaks in DNA, but also some specific radiation products such as
hydrohydroxyperoxide of thymine, and thymine glycol. Several
products formed by UV radiation and by gamma rays are identical.
Until
recently
UV-C
radiation
was
considered
mutagenic,
carcinogenic and lethal, UV-B was considered as burning and
carcinogenic, and UV-A, the closer in wavelength to visible light
was believed to De harmless, thus the overflow of "tanning booths"
where high fluences of UV-A light were received by the public
determined to look tanned even in wintertime. This is to be changed
very abruptly as recent findings showed the production of DNA
strand breaks and some photoproducts by high doses of UV-A light
(Tyrrell et al 1991; Peak et al 1991). This is dependent on the
presence of oxygen free radicals such as 02-* and singlet oxygen
are blamed for the production of these damages. The rcognition of
these events are responsible for the appearance of sunscreen
products which include protection against both UV-B and UV-A as
well as anti free-radicals.
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The production of specific radiation products in DNA as well as DNA
strand
i-^eaks is one
"meeting point" of photobiology
and
radiobiology. Another, most important meeting point lies in the way
biological cells take care of damages and bring about recovery, by
the action of biochemical repair systems which are inherent in all
normal cells. Cells which do not have repair capability are usually
afflicted with a genetic disease whose expression is sensitivity to
radiation and other serious disorders. Of these, the most
recognized are Xeroderma pigmentosum, for sensitivity to UV light,
and Ataxia telangiectasia for sensitivity to ionizing radiation.
In each of these diseases there is a deficiency in the activity of
one of the excision repair enzymes. A complete repair system
includes the orchestrated action of a glycosilase, endonuclease,
exonuclease, polymerase and ligase. An impairment in any of these
enzymes causes repair deficiency and thus sensitivity to radiation,
ionizing or nonionizing. For some diseases the exact impairment is
not yet identified, and none have been shown for the exotic, less
understood molecularly electromagnetic radiations, microwaves,
radiofrequency waves etc.
One of the important problems regarding ultraviolet radiation, and
other electromagnetic radiations can be defined as a health physics
problem. While dosimetry and protection considerations for ionizing
radiations are fairly well understood and easy to evaluate, it is
not so for non-ionizing electromagnetic radiations. The concept of
"RAD" or GRAY, and of REM and Sievert, are well defined and cover
all dosimetry problems for all types of ionizing radiations. It is
not so easy for ultraviolet light because of the complete
dependence of the severity of effects on wavelength. The fact that
UV light is absorbed by DNA at specific wavelengths, with u peak
for lethality and mutagenicity at 260 nm, production of specific
photoproducts at different wavelengths, causes complications in
determining permissible exposures, thus having to specify different
maximum exposure times for each wavelength, as appears in the
booklet of the American Conference of Industrial Hygienists, or by
NIOSH. The division to UVA, UVB and UVC was done in order to
relieve some of the difficulties, but it still is not very accurate
and definite as it is for ionizing radiations.
The recent discoveries of oxygen-dependent effects of UVA through
oxygen free radicals make the picture still more complicated, but
also provides an opportunity to establish perhaps a RAD-EQUIVALENT
dose for ultraviolet light. Ideally, a mathematical formula should
be developed that will take care of all varying parameters and
include a variable correcting factor to facilitate determination of
a maximum permissible exposure limit for all ranges of ultraviolet
light, and the same is true for other non-ionizing electromagnetic
radiations. It is not an easy task, deserving attention and real
efforts for groups of photobiologists, radiation biologists,
physicists, mathematicians and physicians.
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NUCLEAR POWER IN EUROPE: STATUS, SAFETY, ISSUES AN REGULATORS TRENDS
Rafael Caro
Commissioner, Consejo de Seguridad Nuclear, Spain

A couple of years ago, in a conversation with Louis Tepper of the Israel
Nuclear Society, we thought it should be reasonable that I addressed you a
speech to comment about the structure and procedures of the European nuclear
regulatory bodies, current and future programs and trends and, in addition,
to include a little comment on a just arrived difficulty; I am referring to
the problems fed into Europe by the Ex-Soviet Union and their ex-Satellites.
So, in general, I am supposed to talk about Nuclear Energy in Europe.
The subject covers a very wide horizon, where in addition to what is purely
technological

and scientific, two new historical-political

facts are

present: On the one side, the process of European unification, which began
at the end of the Second World War and still has many problems to solve; on
the other hand, the recent death and breaking apart of the USSR, the
satellite countries' independence and the convulsions this transient has
produced and will go on producing still for some time.
It is probably convenient to contemplate all these inputs separately, i.e.
to explicitly admit that the variables are separable. This is a procedure we
follow so often in Physics and Mathematics in general and in Reactor Physics
in particular. But this procedure is based upon a premise rigorously false,
because the variables in the Universe are not independent at all, and
therefore not separable. In other words, the Universe is not linear, but
rather a complex of feed-back processes. However, restricting ourselves
sufficiently, the Universe altogether is almost linear, and some processes
in this space-time can be considered as independent.
Lecture to the 18 th Conference of the Nuclear Societies in Israel.
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Consequently we are talking of the European unification as a historicalpolitical-social process, as if it were absolutely independent of Nuclear
Energy, and as if Nuclear Energy in its turn were independent of the
European historical evolution.
Rigorously speaking, Europe was united only under the Roman Empire, and even
this would be admitted only "tongue in cheek" by some, who should insist in
some points of clarification.
A few centuries later, the Holy German-Roman Empire was the closest concept
to a United Europe. Because of personal-national implications, I must say
here that Spain did not participate in that joint venture, mainly because we
were too busy chasing the Muslim invaders out of the Iberian peninsula.
Since then, and through over-simplifications, the Old Continent was the
scenario of more and more exacerbated nationalisms, and the domain of a
continuous war, where the dominant superpower was first Spain, XVI Century,
then France and finally England. And so we got head on into the 20 th century
and the First and Second World Wars.
Then, finally after such a continuous tragedy, Europeans seemed to realize
that it was better to unite. Consequently, a consolidation process started
in which we are still embarked, and which will continue for many years since
it is impossible to forget overnight all the nationalistic prejudices
acquired during 2000 years.
This unification process began basically under the leading role of the two
former violent enemies during the European wars, France and Germany, who
together with Italy, Belgium, The Netherlands and Luxembourg, constituted
what was called the European Common Market. It was not very well accepted,
to tell the truth, by "traditional" Europeans, specifically by England and
Spain (and certainly because of different reasons!).
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The British in 1959 even invented an alternative, the EFTA (European Free
Trade Association), constituted

by Austria, Denmark,

Island, Norway,

Portugal, Sweden and the U.K. itself, with Finland as an associate member.
The Common Market, together with Euratom and the Coal and Steel Community,
formed what was christened the "European Communities" or the "Europe of the
Six". The Treaty was signed in Rome in 1957. The economic success of this
venture stimulated other countries of the continent to request joining the
club, and so in June 1972 the U.K., Ireland and Denmark were admitted, later
in 1981 Greece, and in 1985 and 1986 Portugal and Spain respectively. So now
this community has 12 members, each with its own history, traditions,
language, structure, personality, etc..
We have to keep in mind that every unification means, to some extent, a
homogenizing process; and Physics, which is basically the Science of
homogenization, teaches us that it is very difficult to homogenize clearly
heterogenous quantities. Now, how heterogeneous are the 12 countries of the
European Community?; ... How feasible is the process of homogenization?
The second part of my talk is a well known issue which happened recently and
is still in progress: The sinking of international communism, the collapse
of the Soviet Union and the independence of its satellite countries.
Certainly, the U.S. and other countries had a very important role in that
process, but countries of the ex-Soviet World are components of the Old
Continent, therefore their new personality and related phenomena will affect
us more directly.
After the USSR collapsed, its old tributary countries - Poland, Yugoslavia,
Czechoslovakia, Hungary, Romania, Albania - got their absolute independence.
East Germany naturally joined immediately the Federal Republic of Germany.
The USSR itself exploded into fragments of many different nationalities.
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Countries like Czechoslovakia and Yugoslavia (whose creation was certainly
very artificial), are embarked in a disintegration process as well.
To complete this panorama, certainly amazing and worrying although very
interesting from an academic standpoint, we have in Europe the EFTA
countries plus Switzerland, which because of circunstancial reasons has been
kept apart of the European Community.
All the just mentioned countries are European, and induced by the success of
the "Europe of the 12" (the European Union) sooner or later will knock at he
Club's door and ask for full membership; and they will be admitted.
At this point it may be objected that a talk on a sociopolitical topic is
not appropriate for a technological conference. However the reason for this
foreword is that in order to adequately understand the structures of the
many nuclear regulatory bodies we have in Europe, with their different
procedures (normal operation, accident and emergencies), their licensing
methods, etc., knowledge of the structure and historical evolution of the
Old Continent is advisable.
For the same reason, knowledge of the evolution of nuclear safety from the
dawn of Nuclear Energy is advisable and described briefly as follows.
We could consider the History of Nuclear Safety beginning with a space-time
singularity (speaking in a rather pedantic way), continuing later in steps
of approximately 10 years, each with relatively different characteristics
and priorities.
The singularity corresponds to first criticaiity of CP-1 (Chicago Pile N° 1)
in December 1942. As is well known, this was achieved by Nobel Laureate
Enrico Fermi and his team within the frame of the Manhattan Project.
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The first period covers from the end of the war to the first Geneva
Conference

in 1955. We could consider it as the Prehistory of Nuclear

Safety. The second decade is characterized by a large nuclear safety effort
put

into

reactor

design. This

emphasis

is shifted

towards

safety

in

construction in the period ranging until the TMI accident in 1979, which
in turn pushed that emphasis towards plant operation. Finally after the
Chernobyl accident in 1986, the main interest is put into the need for
international inter-relations in safety.
Coming back to CP-1, let us comment on the singularity mentioned above.
Shortly before the moment when criticality was expected, Fermi realized that
the operating team was overexcited; not surprising

if we think of the

importance of the experiment. Fermi immediately decided to call a recess of
a few hours, in order to allow the team to calm down. This attitude, the
first explicit act of reaffirmation of Nuclear Safety as a discipline,
nowadays should be included in the chapter of Human Factors and Operation
Management.
It is admirable to realize today, half a century after the experiment, the
clear idea of responsibility in nuclear safety management on the part of
Enrico Fermi. (It is worthwhile to compare that attitude with that of the
Chernobyl operators in 1986!).
Until the end of World War II in 1945, several reactor prototypes were
developed

and constructed

in the US: radioisotope generators, plutonium

generators, irradiation facilities, generally all of them experimental ones.
From then on other countries with scientific and industrial

tradition,

France, the U.K. and Canada, which in one way or other had participated in
the Manhattan Project, embarked too in the process of developing their own
nuclear reactors. That takes place already in the first decade, what we have
called the Prehistory of Safety.
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As a matter of fact Germany, France, Great Britain and Italy, all of them
European countries, had been the pioneers of Nuclear Science. Even after the
Second World War began, many important developments and scientific work was
carried out in those countries. The Maud Committee was created in England in
1940 to study this kind of problems, and one year later, the Directorate of
Tube Alloys, coded name of a governmental organization to investigate the
nuclear issue, was created in Britain. In spite of all the problems produced
by the war, England made its first nuclear reactor in 1948.
France as well had always been on the first line of this type of research,
mainly with Joliot-Curie's team investigating the fission process. Of course
when the Germans invaded France all these activities stopped, but just as
the war finished, in October 1945, "le Commissariat a L'Energie Atomique"
(Atomic Energy Commission) was founded. Its first reactor ZOE (Zero Energie,
Oxide d'Uranium, Eau Lourde) achieved first criticality in December 1948.
It is well known too that Germany had been a real pioneer in all these
subjects, and that they had an exceptional scientific and technical human
capability (should we mention for instance Werner Heisemberg or Karl Von
Weiszaker?). However, Nazi Germany did not progress very much along this
line; and nevertheless, it was just the fear to this possibility what pushed
Einstein to write his famous letter to President Roosevelt (as a suggestion
of Edward Teller and Leo Szilard). And it was that letter what triggered the
embarking of the US in this venture!
Spain as well embarked modestly in this venture, creating in 1947 a
commission to analyze these atomic issues and finally, in October 1951, the
"Junta de Energia Nuclear".
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As far as Russia is concerned - she is too, at least partially, a European
country! - they were far more advanced than what was thought in the Western
world. Her first nuclear reactor went critical in December 1947, earlier
even that the British!. Of course in this issue there was a very important
contribution of espionage, and anyway everything in Russia was always
covered by a cloud of mystery and secret.
It was in these years, almost immediately after the war, that in the US the
whole nuclear business (controlled by the Army during the Manhattan Project)
was handed over to a just created civil board, the Atomic Energy Commission.
During this period, in the first meeting of the Reactor Safety Committee in
1947, a decision of tremendous importance was made: to enclose the reactor
in a containment building. This protection system for the population has
ever since been present, to one extent or another, in all designs in the
Western world.
In 1957 the US Atomic Energy Commission issued a document that became a
landmark in the history of nuclear safety, the famous WASH-740 "Theoretical
Possibilities and Consequences of Major Accidents in Large Nuclear Power
Plants". In this report the consequences of severe accidents are evaluated;
the results became the basis for deciding responsibility margins, later
included in the Price-Anderson Act, where the rules on nuclear-electric
plant civil assurances are established in the U.S.
Most important in this document is the personality attached to Iodine as a
fission product, because of its high volatility and its affinity for the
thyroid. Until then, in consequence analyses of nuclear accidents a non
selective mixture of the released radionuclides had been assumed. This
theoretical prediction was later confirmed by the accident at Windscale in
England.
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Nevertheless, all along this period nuclear safety had not yet a separate
and independent personality. Clear evidence is provided by the two first
Geneva Conferences on the Peaceful Uses of Atomic Energy - August 1955 and
September 1958. These two events, particularly the first, were so important
that they deserve a certain analysis in this speech. There was not a single
session specifically dedicated to nuclear safety.
Certainly in Europe a long way had been run. In July 1951 in Kjeller
(Norway), first criticality of a Dutch-Norwegian experimental reactor was
achieved. In January 1956, the Gl Marcoule Power Plant in France was
connected to the grid: it was a dual purpose system - plutonium and
electricity, a very frequent combination in those times. In 1954 in Sweden
another experimental reactor was constructed, with the very interesting
feature of being built 60 feet underground. The British had built in Harwell
the BEPO reactor (British Experimental Pile), then the GLEEP, 100 Kw, very
similar to the CP-2 of Argonne, and the DIMPLE in July 1954. In addition,
they informed the public in February 1955 about their nuclear program, the
first in the world, with 2000 Mwe of installed power. The first power plant
of the series was Calder Hall which went on power in 1956. Three years later
this program was increased by a factor of three because of the Suez Crisis.
At an international level as well this period records intensive activity. In
October 1956 the UN decided the creation of the International Atomic Energy
Agency (IAEA), that should be sited in Vienna, Austria, a European country
kept artificially apart from Western Europe by a political decision of the
Soviets. Almost at the same time, in March 1957, the Euratom Treaty was
signed in Rome.
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We have said this period can be considered to some extent as the pre-history
of nuclear safety, but this does not mean at all that safety was not present
in every area; as matter of fact, it was practically a common denominator in
all the presented papers at the Geneva Conferences, not as an independent
discipline but rather as an ancillary one.
Certainly at the last Conference, it was clearly established that any major
accident in a nuclear power plant would come either from supercriticality
or from a core melt due to insufficient cooling. These issues were studied
in great detail, and even the general theory of emergency core cooling
systems was presented. Important issues presented were the radiological
risks,

environmental

aspects

of possible

nuclear

accidents,

kinetic

experiments like the well known Borax (Boiling Water Reactor Experiments)
and SPERT (Special Power Excursion Reactor Tests), etc.
In the next decade, 1957-69, the emphasis of safety is placed on reactor
design. This is documented, from an administrative standpoint, by the
publication by the US AEC of the General Design Criteria which, with clear
deterministic character, was going to act as the nuclear safety reference
for around 30 years.
A great many of the concepts still valid in this area, like the main safety
function (e.g. chain reaction control, core cooling, radioactive material
contention, safety systems redundancies, external effects like floods or
earthquakes, multiple barriers, etc..) were introduced in that decade.
It was in that period when the catastrophic vessel break was contemplated as
possible, and a great effort of R&D was dedicated to solve it. It is
important to remember, too, that it was then that urban sitings were finally
not accepted. And that meant a long discussion, the two main examples were
the rejection in 1963 of the Ravenswood site in Queens, N.Y., where 2 PWRs,
600 Mwe each, were proposed; and the siting of Ludwigshaven in Germany.
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In Europe this was a time of great activity. France had started her nuclear
program with natural uranium and D O or graphite, but changed for the PWR
concept, in spite of having produced nuclear electricity with the Chinon
reactor as early as June 1963. Germany, who had developed a D 0 reactor as
well, made her mind up to follow the PWR concept as a Westinghouse licensee;
and Spain started the construction of a Westinghouse PWR reactor (160 Mwe,
Zorita), a General Electric BWR (460 MWe, Garona) and a French U -Graphite
one (500 MWe, Vandellos I).
In the next decade, going from approximately 1968 till 1979, the year when
the TMI-2 accident happened, the safety emphasis is put mainly on plant
construction. A new and very important concept, Quality Assurance, is
incorporated in this area as a discipline.
A most important landmark was provided by the publication in 1975 of
WASH-1400 or Rassmussen Report; in it a new safety evaluation methodology is
presented.

As

a counterpart

of the

already

existing

deterministic

philosophy, this new one was of probabilistic nature. One year later in
Europe a similar analysis was produced - The Risikostudie. The author was
Prof. Adolf Birkhoffer who with the sponsorship of the ministry of Research
and Technology of the Federal Republic of Germany, produced a safety
analysis specific for German reactors and demography.
From another standpoint, this period is featured by antinuclear protest
becoming more and more bitter: The antinuclears rejected the ECCS ability to
act in the case of a LOCA, the China Syndrome is "invented" and even the
honesty and professionalism of the official safety evaluations questioned.
The very nature of organisms like the AEC in the U.S. or the Junta de
Energia Nuclear in Spain, having simultaneously the role of regulator and
promoter, is bitterly criticized.
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This opinion created such a heavy atmosphere that one by one all Western
countries

segregated

R&D

from

regulatory

functions

by

appropriate

institutional actions. In 1974 the Nuclear Regulatory Commission is created
in the U.S., enforcing the Energy Reorganization Act.
In Europe practically at the same time, independent regulatory bodies were
established. In France for instance nuclear safety, which until then was
depending on the Commissariat a L'Energie Atomique, was transferred in 1973
to the Service Central de Surete des Installations Nucleaires. In the United
Kingdom in 1975 the Nuclear Installations Directorate was created, as part
of the Health and Safety Executive but independent from UKAEA. And in Spain,
to mention a less industrial country, the Consejo do Seguridad Nuclear was
founded in 1980, taking the staff from the Safety Division of the old Junta
de Energia Nuclear, and following the model of the USNRC. These are just
examples of what happened in all nuclearized western european countries.
As mentioned before, in this decade the emphasis was on Quality Assurance in
Construction,

although of course safety

in Plant Design went on being

investigated, mainly in issues like Severe Accident, Bethe-Tait accident in
LMFBRs, the effect of fires in safety (this very much influenced by the
Browns Ferry accident)... but again, the main protagonist in this part of
the story is Public Opinion.
In March 1979, the Three Mile Island accident - certainly another landmark
in our history - happened.
On that occasion a chain of failures -design, technical, administrative and
human - led to an almost complete core meltdown and to a certain release of
radioactivity into the atmosphere. There were no casualties and, according
to international evaluations, the number of lethal cancers in the following
50 years would be less than one.

1-18

Nevertheless some gaps in the knowledge of severe accidents became apparent.
Consequently, the nuclear community began a wide research program to cover
all the holes uncovered by the accident.
One of the most important issues in the previous two decades had been the
analysis of the Source Term. Its evaluation had been carried out more and
more accurately, but it went on relying upon some simplifying hypotheses not
completely proved. TMI emphasized the importance of this quantity and
offered the empirical evidence to understand its phenomenology. In this
accident the fission product release foreseen by the classical hypotheses
did not occur. Not even the far more accurate and realistic evaluation of
WASH-1400 applied correctly. The production or the inert gases behaved
according to the theory, but the 1-131 release was surprisingly low, when
according to the theory it should have been comparable with that of the
noble gases.
All these issues, and the need to know their phenomenology in detail, led
the countries with nuclear interests to start research programs individually
and in multinational collaborations.
These investigations and others carried out in Europe and Japan have led to
a better understanding of the whole phenomenology. Specifically, we now know
that the Source Term was overestimated, that in general the containment
buildings are significantly more resistant than required by design pressure,
and that their potential failure would take place most of the times with a
few days margin, thus reducing the probability of radioactive gas release.
In the same way, the thermal-hydraulics and the fission product transport,
both in the primary and secondary loops and in the containment building, are
much better known.

1-19

In addition, all these activities have been useful for identifying new
phenomena, and consequently for new investigations to be carried out. Among
these we could mention, for instance, the detailed knowledge of core
collapsing in credible scenarios of the Severe Accident, different modes of
failure of the containment building, the corium-concrete interaction, the
behavior of the fission products inside the containment, some aspects of the
H explosions, possible explosive interactions with water, some mitigation
actions, etc...
Nevertheless, apart of all these technological failures that had to be
investigated as a result of the TMI accident, the Great Teaching was surely
the necessity to increase operational safety. And that was also the main
characteristic of this decade. TMI taught all of us: 1) how important is the
exchange of operational experience; 2) that the control rooms were packed
with instruments providing an almost infinite amount of information (and the
situation was even worse in an emergence!); 3) that a good operator training
was very probably the best cost/benefit safety investment; ... So ... Human
Factors. In the U.S., INPO (International Nuclear Power Operators) was
created and joined immediately by all the western countries. The aim of this
organization was to interchange operational experience among the staffs of
the world's NPPs. And as you know this organization is still working
beautifully.

In

addition,

PRAs

with

their

potential

of

displaying

cost/benefit priority ranking began to be used extensively.
So, realizing that TMI had not produced any casualty, and that NPPs were not
producing any news (clear evidence of their good behavior), Public Opinion
was becoming confident and calm.
And then in April 1986 we had the Chernobyl accident, marking the beginning
of a new decade, this time dedicated to international regulations.
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A lot has been written about this accident: the RBKM reactors have some
design characteristics that would not be accepted by the western standards.
In addition, at that opportunity the Chernobyl operators put on a dramatic
show of how not to operate a nuclear reactor. The result was the worst
accident in nuclear history. Certainly you know that the Soviet world had
been hermetically closed and separated from the West. Many issues in design,
construction and operational safety were just ignored.
This is probably not the right place to talk about the old Soviet-Communist
system, but it is necessary to comment that, against the fact that from TMI
a great number of issues were drawn to be investigated in detail, Chernobyl
did not provide us a single topic to analyze. It was felt though that an
organization similar to INPO could be established, covering the Russian area
of influence. And taking advantage that Glassnost and Perestroika had
already taken place in the USSR, WANO (World Association of Nuclear
Operators) was created with regional coordinating centers in Paris, Moscow,
Tokyo and Atlanta (where INPO already was), and a global coordination in
London (Europe). The personality behind this new body was Lord Marshall of
Goring, who as early as December 1987 appointed a meeting in London to
organize the whole issue.
We got though the crystal clear conclusion that nuclear accidents are
trans-boundary (physically and mainly sociologically), that an accident
anywhere is like an accident at home, and that it is absolutely necessary to
establish an international set of rules, standards and control of Nuclear
Power Plant design, construction and operation, and to make them binding by
International Agreement.
It is of paramount importance to mention that there still is a serious risk
of another accident taking place either in an RBKM or a VVER, since their
safety conditions are not good enough, and there are a lot of them,...60!

1-21

Now, after this brief presentation of the history of nuclear safety and the
European evolution, it seems we are in a good condition to understand the
variety of Regulatory Bodies we have in Europe, and the parallel variety of
procedures and standards:
At the lecture, a table will be shown with information of the European
countries that currently have an important nuclear-electric production:
Belgium, Finland, France, Germany, Spain, Sweden and the U.K.. As reference
the US is included. Only seven European countries are shown. Other countries
like Greece, Ireland, Luxembourg and Portugal do not have NPPs, Italy is
under a "de jure" nuclear moratorium and the Netherlands and Denmark have a
very small nuclear contribution. Practically all the European countries are
at present to a certain extent in a "de facto" moratorium.
Also at the lecture, tables and diagrams of European Regulatory bodies and
procedures will be shown, and seen to be very different from each other.
The enormous differences existing

among

European countries reveal

a

situation which, if translated to the U.S., would mean that each one of the
states has its own regulatory body, its own laws, procedures, etc... Of
course the differences mentioned are only formal and there is a common
denominator, the acceptance and obedience to nuclear safety, that so far has
effectively created an atmosphere of safety culture. However it is very
important to give attention to this issue, since it is the origin of a
problem we may have to face everywhere in the world.
Because even if we Europeans can afford in normal operation this variety of
nuclear regulations - and accepting the fact that it is not the optimum - in
an emergency the situation may be far mora severe. Of course there are
bilateral agreements to simplify the inevitable difficulties, but to what
extent could we be sure that emergency planning interfaces would work?
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Other areas in the world such as the U.S. do not have this problem, or at
least it is not as serious as in Europe. The U.S. is a very large country,
its NPPs basically respond to a similar technology and philosophy, the
regulatory body and procedures are the same all over the country.
However there is an issue that in Florida, for instance, probably receives
more attention than in other states of the US, specifically because of the
two Soviet VVERs under construction in Cuba, a close neighbor. Analyzing
this issue academically, without prejudice, we have to state clearly that
the Soviet NPPs, both VVER and RBMK, have failures in the chapters of
design, construction and operation, failures we do not accept in the Western
world. And in addition, nowadays there does not seem to exist enough
collaboration between Russia and Cuba, therefore Cuban engineers may have
to proceed in a rather autonomous and, consequently, not too orthodox a way.
Indeed in general, this is a very serious problem requiring international
harmonization of safety standards, procedures and controls. But whenever we
discuss this issue at an international level, some countries, seeing their
sovereignty threatened to some extent, show a rather reluctant attitude
towards it. And the question is: to what extent should sovereignties be
safeguarded (in such a tiny domain!), if that means an undue risk to third
countries?
The obvious conclusion once more is that we need an international agreement
to protect ourselves in this area. An AGREEMENT, with capital letters,
harmonizing internationally the standards of the NPPs to be built, and
forcing the ones already built to be fit to a minimum safety level.
In such a venture we have not started from scratch. The IAEA's Nuclear
Safety

Standards,

or

NUSS,

were

essentially

internationally from national safety standards.

derived

jointly

and
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It is not a secret now that many countries, especially the West-European
ones, are demanding an increment and a broadening of the scope of
international measures. Certainly the Chernobyl accident has spurred this
feeling of whether the time has come to make some international standards
mandatory.
In Europe it is unanimously felt that there is a need for universal respect
for some nuclear safety standards. The idea of implementing a binding
convention on safety matters is worth considering. Such a convention need
not take away responsibility from national regulators and might even
strengthen their hand.
Klaus Toepfer, German Environment/Reactor Safety Minister, launched in 1992
the idea of an international nuclear safety convention. It was initially
resisted by some countries, including the US, but has gradually gathered
steam as western governments seek, in general, a means of guaranteeing
minimum safety standards worldwide.
The signing of that convention has taken place recently. Let us hope it to
be successful, and let us put all our efforts to prevent the thunders
escaping again from our reactors.

Advanced Computational Methods in Nuclear Engineering

Chairmen - Z. Boger and L. Reznik
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Trends in the Applications of Artificial Neural Networks
in the Nuclear Industry
Zvi Boger, Nuclear Research Center - Negev
P.O. Box 9001, Be'er-Sheva 84191, Israel
Introduction
Artificial Neural Networks (ANN) are recommended for use in the nuclear industry,
for their ability to model complex systems without the need for explicit mathematical
equation. However, their use has been limited by regulatory requirements for
verification and validation, and by difficulties in teaching reliable and roubust models
with limited number of examples. This review of the current trends is based on a
literature search in the INIS and INSPEC data basej for publications dated 1993-mid
1994.

Artificial Neural Networks Learning
The theory and practice of ANN learning have been reviewed in two recent British
comprehensive papers. As the ANN learns from examples, most of the papers use
simulators. But the increased participation of the electrical utilities in the research
teams leads to the use of real NPP data.
The basic back-propagation learning algorithm is the mainstay of most researchers.
New algorithms and new architectures are being explored.: Modular NN, in which the
first NN identifies the occurrence of abnormal situation, and the second NN classifies
it; recurrent NN for dynamic learning; auto-associative NN to distinguish between
instrument faults to process faults; multiple NN, with consensus forming, to increase
the robustness of anomaly detection.
The potential useful synergism between the various AI techniques is being explored.
The combination with Fuzzy Logic techniques is drawing the most attention. Genetic
algorithms, which are now used in various engineering fields, are mentioned, but
nothing was published yet in a nuclear industry application. The combination of
Expert System with ANN is also attempted.
Extraction of expert rules from trained ANN is reported. A triple combination of
expert system, fuzzy logic and artificial neural network techniques for expert rule
extraction was recently developed
To sum, there is no major breakthrough in ANN utilization techniques. The gradual
improvements in the use of ANN algorithms and architectures, coupled with the
increase of the readily available computing power, means that the "slow learning"
obstacle to the use of ANN techniques is no longer valid.
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Main directions in ANN applications in power reactors
The most common goal of the research groups is still the diagnostics of the state of a
very complex system such as a nuclear power reactor. Two sub-divisions are seen, one
using signal analysis of reactor internal noise, or other complex reactor
instrumentation, the other trying to monitor external system signals, such as flowrate,
pressure, temperatures etc.
In some cases, the problem size is reduced to monitoring a sub-system only, such as
steam generator, or even auxiliary elements as check valves, flow meters or bearings
in rotating equipment.
It was found that major rewards were possible with the successful applications of
ANN to "small" problems, as the effect of even a modest increase of NPP operating
efficiency is translated to applicable sums, leading to good investment return time on
the research effort.
A more ambitious goal is the incorporation of advanced intelligent techniques in the
various control loops, both at the low level and at the supervisory level. An interesting
work is done trying to incorporate safety related goals in the control strategy. A much
lower control level is attempted to improve the response of a control-rod actuator.
The concept of real-time ANN control loop is starting to be accepted by the aerospace and petro-chemical industries. ANN is controlling a catalytic cracker at
Texaco,the first F-15 fighter airplane to include ANN based structural damage
limiting adaptive controller is scheduled to fly soon. As already noted, there are still
institutional and regulatory obstacles to such use in a NPP.
A very fast controller of the plasma shape in a fusion reactor experiment is reported,
comparing the computing power of an analog ANN controller as equivalent to 6,000
Crays super-computers.
The safety aspects of NPP operations are being addressed, trying to identify accident
causes rapidly, and predict the resulting accident outcome.
A novel, potentially very profitable off-line application of ANN, is for fuel
management in reloading or shuffling power reactor cores, and the resulting
prevention of deviation from nucleate boiling on the fuel element cladding. ANN
models, taught from rigorous mathematical models' results, enable quick exploration
of better configurations.
Another new area is the ability to learn image patterns for identifying abnormalities. A
reduction of the required annual effort to inspect NPP control-rods for abnormal wear,
from 1 man-year to one day only. ANN were also used for NDT analysis of reactor
pressure vessels welds,
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Generating station operation and maintenance requirements, and electrical load
prediction are also being explored.

Auxiliary areas of ANN applications
A newly active area of safeguards, security and treaty verification issues in the nuclear
industry is using ANN successfully. The detection of illegal diversion activities of
fuel elements and nuclear materials is described. An ANN controlled robot is being
developed for remote verification of stored fissile material. The classification of
underground nuclear explosions is reported*
The waste processing and chemical nuclear technology areas are not utilizing ANN
techniques
Conclusion
The geographical distribution of the groups active in ANN applications in the nuclear
industry is growing. The growing number of electrical utilities, control and software
companies participating in ANN research and applications is encouraging. Outside the
USA, the increased efforts in the Republic of Korea and Japan should be noted, as
well as new groups in West and Central Europe.
The evolutionary progress of the ANN applications in the traditional areas of on-line
plant state monitoring and fault diagnosis is augmented by the off-line applications to
fuel management, auxiliary systems analysis and non-NPP applications.
The growing interest in control applications, and synergism with other AI techniques
may increase the robustness of the applications in unforeseen circumstances, thus
paving the way to getting the full benefits of ANN applications in the nuclear
industry.
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CLASSIFICATION OF NUCLEAR POWER PLANTS
TRANSIENTS USING THE PNN NEURAL NETWORK
WHICH "KNOWS11 WHEN IT DOES NOT KNOW
YAIR BARTAL, JIE LIN, AND ROBERT E. UHRIG
Instrumentation & Controls Division
Oak Ridge National Laboratory •
Oak Ridge, TN 37831-6012
INTRODUCTION
During a transient in a Nuclear Power Plant (NPP), the operator is faced with hundreds of
instruments readings, showing some pattern typical of that transient. Assuming that the
instruments' readings pattern develops from its steady state condition in a way specific to the
transient, we may use this time dependent pattern to identify the transient [1]. Artificial neural
networks (ANNs) have proven their capability in solving complex pattern recognition problems
[2,3], and thus are good candidates for this purpose. There are many different types of ANNs,
each one having different properties [4]. One has to consider the various aspects of an ANN when
applying it to a specific application, especially for a safety critical application like NPPs status
diagnosis.
CHOOSING THE RIGHT TOOL
A classifier for NPP's transients should be conservative and have minimal misclassifications.
The classifier is an advisory system rather than a replacement to the human operator thus, it
should enhance the operator capability whenever possible, and not lessen it in any way. In
particular an ANN classifier should provide a "don't know" answer when the transient is not 'close
enough' to a transient in its training set.
ANNs are divided into supervised and unsupervised networks. The supervised ANNs are
supplied with the correct answer during the training phase, whereas the unsupervised self organize
themselves without such a teacher. The appropriate ANNs for the NPPs transients diagnostics are
the supervised ones which can be divided into three main classes [5]:
Multi-Layered Perceptron (MLP1
MLPs are the most popular ANNS, of which the main one is the feedforward type using the
Backpropagation learning rule [6] Almost all the studies to date concerned with NPPs transient
classification used this type [7-17]. The MLP creates n-1 dimensional boundaries in n-dimensional
data space. A new pattern is classified based on its location relative to the boundaries.
The MLP network has a severe drawback as a tool for NPPs' transients classification. It might
give a classification answer with high "confidence", for a new type of transient on which it has
never been trained. This happens when the classification boundaries define a class region that
includes some subspace having no training data at all. A new type of transient may have patterns
located in such a subspace, thus causing the network to misclassify it as one of its learned types.
The problem stems from the fact that MLPs have no way of giving a reliable answer of "don't
know", unless it has been trained on "don't know" patterns. In one study [14] it was claimed that
one can confirm the MLP's response, by training a second MLP to predict the error in the first
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one. This second MLP however suffers from the same deficiencies of the first one, and its
response for unknown transients cannot be predicted. There are three solutions to this problem:
A. Include "don't know" patterns in the training set. While this solution may work for a 2-D
problem, it is prohibitive for a real multi-D NPP problem because of the "Curse of
Dimensionality". This means that most of the multi-D space is vacant and thus too many
"don't know" patterns would be needed.
B. Include all possible types of patterns that are anticipated, thus having a complete
representative training set. This may work for some problems, but for an NPP there is no
feasible way to have a training set that covers all possible transients.
C. Using a classifier which can determine that a given pattern is not 'near enough' to its
training set. This can be achieved by relating the decision to the original training data using
some sort of a proximity measure. In such a case we can set a specified threshold below
which the pattern will be classified as "don't know". MLP networks do not have this
capability and thus are unsuitable or undesirable for critical fault diagnosis problems. These
deficiencies of MLPs have also been demonstrated for a simplified version of a 2-D real
process diagnosis problem [18]
Competitive networks
These networks rely on some measure of proximity between a test pattern and the training set
patterns, usually the Euclidean distance. Examples are Kohonen's SOM (Self Organizing Maps)
and LVQ (Learning Vector Quantization) networks and Hecht-Nielsen's Counter Propagation
network [4] Using this type of neural network one can control the proximity measure beyond
which the classifier will produce a "don't know" answer. The winner prototype can also serve as a
decision explanation in the way Case Based Expert Systems do. The explanation is based on the
existence of a 'similar' pattern/case to the one we test. In previous works we have demonstrated
the ability of the LVQ network to classify NPP transients correctly [19-20].
Localized networks
These networks are inherently aware of the distance to the training set. Examples are: RCE
(Reduced Coulomb Energy) [21], RBF (Radial Basis Functions) [22] and PNN (Probabilistic
Neural Network) [23]. The RCE is based on covering the training set with hyperspheres. The
RBF and PNN cover it with radially decaying kernel functions. In this way, when a pattern is far
from the training set, the coverage falls off. This enables the classifier to detect too far patterns by
thresholding Again, the closeness to the training set can serve as a decision explanation as
mentioned before. In this paper we show the ability of the PNN to classify NPP transients.
PROBABILISTIC NEURAL NETWORKS (PNN)
The Probabilistic Neural Network (PNN) is a general technique which is used for pattern
classification problems [23], It uses the training data to define an approximation of the patterns'
distribution functions for the various categories This approximation is used to define decision
boundaries based on the statistical method of Baysian classifiers. The probability density
approximation is based on Parzen [24] univariate and Cacoullos [25] multivariate estimators.
EVIDENCE ACCUMULATION
The simplest way to classify a transient is to sample all variables at regular intervals and
consider each pattern as independent from the others. All patterns belonging to the same transient
will have the same class identification. This approach may lead to incorrect classifications when
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two or more transients' patterns become close to each other.
The intermittent incorrect answer can be mostly eliminated by way of what we call: "Evidence
Accumulation". Since the classifier has to decide on one class label for the whole transient, we
can use the classification results obtained at previous time steps as supporting evidence toward
the final decision. The simplest way to use it is to take some weighted majority vote on past
decisions. For a classifier which is statistically correct, this will improve its classification rate as
well as its consistency.
PROBLEM SPECIFICATION
We used the San Onofre unit 1 high fidelity simulator owned by Ryan Nuclear Inc. to provide
the necessary data. The simulator was run at a steady state for one minute, and then a specific
transient was introduced for four minutes. During the run, data was sampled 5 Hz, sampling 76
variables
We have run 13 different types of transients, most of which were coolant leakage accidents
having six different leakage levels: 0.1, I, 10, 100, 1000 and a ramp 0-1 gpm (gallons per minute).
Overall there were 72 different scenarios.
RESULTS
The classification was done in two phases. First we applied a detection phase in which an
abnormal situation was flagged. We used a simple deviation measure technique. The maximum,
minimum and range over the past steady state were calculated Whenever some variable deviated
by more than 100% out of that range, an abnormal situation was flagged. The second phase was
the classification in which an abnormal situation was classified using the PNN network.
Table 1 shows the detection and classification times in seconds for all transients. For those
transients that caused a SCRAM (reactor shutdown) within the simulation time, the SCRAM
time is indicated. As can be seen, detection and classification times are less than a minute, even for
very minor transients. One can see that except for the Loss of offsite power which causes an
immediate SCRAM, all detection and classification times are much shorter than the SCRAM
times (for most transients there is no SCRAM within the simulation time).
Figure 1 shows an example of the classification with and without the Evidence Accumulation
enhancement The intermittent misclassification is more pronounced at low leakage rates and at
the beginning of the transient as anticipated. This intermittent misclassification is due to the
stochastic noisy nature of the patterns involved. One can clearly see the accuracy increase as well
as more consistency in the results as the few remaining misclassifications are less spread among
the various classes.
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Table 1: SCRAM, Detection and Classification times (seconds) after transient's start.
SCRAM time is indicated only when it occured within the simulation time.
No.
1

2

3

4

Code
dl
cl2
cl3
cl4
cl5
c!6
hll
hl2
hl3
hl4
hl5
hl6
sgtrl
sgtr2
sgtr3
sgtr4
sgtr5
sgtr6
sgtr70pl
sgtr70p2
sgtr70p3
sgtr70p4
sgtr7Op5
sgtr7Op6
sgtr5Opl
sgtr5Op2
sgtr5Op3
sgtr5Op4
sgtr5Op5
sgtr50p6
fwctm_2
fwctm 3
fwctm_4
fwctm_5
fwctm_6

SCRAM Detection

70

62

86

81

83

132

14
6
2
1
1
41
41
7
2
1
1
40
31
13
5
1
1
24
14
2
6
2
2
12
32
10
4
2
1
33
6
2
1
1
9

Classification
14
6
2
4
6
46
41
13
2
4
5
43
34
13
14
4
5
24
14
2
6
2
2
12
32
10
4
2
1
33
6
4
2
4
21

No.

Code

5

fwocl
fwoc2
fivoc3
fwoc4
fwoc5
fwoc6
msctml
msctm_2
msctm_3
msctm 4
msctm_5
msctm 6
msocl
msoc2
msoc3
msoc4
msoc5
msoc6
cond sm
cond md
condlg
condrp
porv sm
porvmd
porvlg
porvrp
spraysm
spraymd
sprayjg
sprayrp
roddrq1
roddr_q2
roddr_q3
roddr_q4
roddrct
rodejet
pwr loss

6

7

8

9

10

11

12
13

SCRAM Detection
29

5

13

109
47

103

13
1

2
1
1
37
42
7
1
1
1
31
27
4
1
1
1
26
2
1
1
3
1
1
1
2
2
2
1
6
1
1
1
1
1
1
1

Classification
32
11
2
1
6
37
49
10
3
1
3
33
32
4
3
5
3
26
2
4
7
16
5
5
4
13
2

2
3
6
7
8
7
7
8

5
4
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Figure 1: Main steam line break inside containment accident classification.
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LEAKAGE PREDICTION IN NUCLEAR POWER
PLANTS USING SIMILARITY FORMULAE AND
GENETIC ALGORITHMS
YAIR BARTAL, JIE LIN, AND ROBERT E. UHRIG
Instrumentation & Controls Division
Oak Ridge National Laboratory
Oak Ridge, TN 37831-6012

INTRODUCTION
Safety issues of Nuclear Power Plants (NPPs) include an early detection and
identification of transients [1-3]. In order to properly assess a transient, it is important
to predict its severity. We predict the severity of several transients in an NPP using
Similarity Based Formulae (SBF) and Genetic Algorithms(GAs).
NUCLEAR POWER PLANT DATA SPECIFICATION
The San Onofre unit 1 high fidelity simulator, which simulates a 3 loop 436 Mw
Westinghouse PWR reactor, was used as the source of transient data.
Each simulator's run was composed of a steady state for one minute and a
transient for four minutes, where 76 variables were sampled at 5 Hz. For each
transient's type there exists an optimal subset of the 76 variables which can identify
best the transient and its severity. This subset is called the most important variable
set for that transient's type. Following are the seven transient types chosen:
1.
2.
3.
4.
5.
6.
7.

Steam generator tube rupture
Hot leg loss of coolant accident
Cold leg loss of coolant accident
Main steam line break inside containment
Main steam line break outside containment
Feed water line break inside containment
Feed water line break outside containment

Six leakage rates were selected for each transient type: 0.1 gpm (gallons per minute),
1 gpm, 10 gpm, 100 gpm , 1000 gpm and a 0 to 1 gpm ramp increase leakage.
GENETIC ALGORITHMS (GAs)
Genetic algorithms are massively parallel search and optimization techniques, based
on Darwinian natural selection theory and natural genetics [4,5].
In using genetic algorithms, a random population of bit strings is generated,
where each string encodes a possible solution. Though the optimal string may be far
from any of the existing strings, it may be hidden in pieces of these strings. Each
string has a fitness value corresponding to its optimality. By means of reproduction
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biased by the fitness factor, crossover and mutation, the average fitness of each
generation will improve through the generations. Eventually, the fittest bit string will
correspond to a near optimal solution.
USING GAs TO SEARCH FOR THE MOST IMPORTANT VARIABLES
Predicting the leakage rate for a specific transient was done using a Similarity Based
Formula (SBF). The SBF is used to measure the similarity of two patterns[6]. For
each transient type, 20 patterns were sampled, evenly distributed, from each of the
above six different leakage rate data. These 120 patterns were used to form a
historical database. Then, 20x6 different patterns were sampled in the same way, to
form an observed database. The leakage rate corresponding to each pattern in the
observed database is calculated from the leakage rates associated with the two most
similar patterns from the historical database.
In order to find the most important variables, a GA was used. A 76 bit string
representing the 76 variables in the transient data was used to encode a solution. The
similarity, ljk, of two patterns xj=(xlj...xij...) and xk = (xlt...xit...) was defined as:
l
4

1 £

(i)

i-l

The value c, is equal to either 0 or 1 which is generated by the GA and determines
which variables participate in the calculation [7,8]. The exponents, 1/4 and 5 were
determined by trial and error.
When the two most similar patterns in the historical database are found for a
specific pattern in the observed database, their two corresponding distance values Ij"
and ljka> are available. The following formula which is a weighted linear interpolation
is used to predict the leakage value of the pattern in the observed database:

(2)

y.

where y, and y2 are the leakage values associated with the two most similar patterns
in the historical database. The reciprocal of the GA fitness function was defined as:
fO,\

(3)

1-1

wherept is the predicted leakage value, o{ is the actual leakage value, and 120 is the
number of patterns in the observed database.
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Several tens of generations are usually sufficient for convergence, and then the
bit strings in each generation start to look similar. At that time the GA's efficiency
is low, and a local search technique was used to improve the solution. This was based
on eliminating one variable at a time out of the remaining ones from the GA. That
variable whose elimination improved the solution best was taken out, and the
procedure repeated itself.
RESULTS
A GA search is computationally intensive. For this particular problem, it took 24
hours to find the most important variable set for one transient type on a
PC486DX2/50. With minor modifications, the GA was ported to the KSRl-64
supercomputer which has 64 processors. Each KSRl-64 processor is twice as fast as
the PC486DX2/50. Table 1 shows a benchmark running times on the two machines.
It is seen that the KSRl-64 running speed increased by a factor of up to 89 compared
to the PC. By using 60 processors in parallel, it took only about 16 minutes to
complete the computation. The most important variable sets found varied from one
transient type to another, and had 7 to 24 variables out of the original 76.
To predict the transient leakage rates, a new database was prepared for each
transient. From each of the above six leakage rates data, 50 patterns were sampled
to form a transient database of 300 patterns. For each presented pattern of a known
transient type, we used the SBF (equation (1)) and its most important variable set to
find two nearest neighbors from its transient severity database. Then we used the
interpolation formula (equation (2)) to predict the leakage corresponding to the
presented pattern. Figure 2 shows predicted results for one transient type. For the rest
of the transients, the results were similar. From this figure, one can see that the
predicted leakage rates are very close to the actual ones except in the beginning of the
transient. Figure 3 shows predicted results when the leakage rate we look for is
absent from the transient severity database. It can be seen that the leakage rate
predicted converges to the correct value. As far as feasibility is concerned, this
system is implemented on a PC486DX2/50 with a prediction speed of 0.05 second
per prediction which is fast enough in a real situation.

II

-

13

REFERENCES
[1] Uhrig, R. and Guo, Z. (1989). "Use of Neural Networks to Identify Transient
Operation Conditions in Nuclear Power Plants", Proceedings of International
Conference on Availabilit" Improvements in Nuclear Power Plants, Madrid,
Spain, April 10-14, 1989.
[2] Bartlett, E. and Uhrig, R. (1992). "Nuclear Power Plant Status Diagnostics
Using an Artificial Neural Network", Nuclear Technology, Vol. 97, pp 272-281,
March 1992.
[3] Bartal, Y., Lin, J., Uhrig, R. (1993). "Nuclear Power Plants Transient
Diagnostics Using Artificial Neural Networks", Intelligent Engineering Systems
Through Artificial Neural Networks. Volume 3. ASME press.
[4] David E. Goldberg (1989). Genetic algorithms in searchr optimization and
learning. Reading, Mass. Addison-Wesley Publishing Co.
[5] Lawrence Davis (1991). Handbook of genetic algorithms. Van Nostrand
Reinhold.
[6] Legendre, L. (1983). Numerical Ecology. Elsevier Scientific Pub. Co.
[7] Kelly, J. and Davis, L. (1991). "Hybridizing the Genetic Algorithm and the K
Nearest Neighbors Classification Algorithm", Proceedings of the Fourth
International Conference on Genetic Algorithms, Morgan Kaufman Publishers,
1991.
[8] Punch, W., Goodman, E., Pei, M., Lai, C , Hovland, P., and Enbody, R.
(1993). "Further Research on Feature Selection and Classification Using Genetic
Algorithms", Proceedings of the Fifth International Conference on Genetic
Algorithms. Morgan Kaufman Publishers, 1993.

Table 1: Running times for the Genetic Algorithm benchmark
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Abstract submitted for presentation at the 18th annual meeting of the Israeli Nuclear Societies

Measurement Systems: Optimal Calibration and Input Restoration Using
Apriori Information
D. Ingman1, P. Grabov1 and P. Dickstein1'2
1- Quality Assurance and Reliability, Technion, Haifa 32000, Israel
2- Israeli Atomic Energy Commission, Licensing Div., POB 7061, Tel Aviv 61070, Israel

Methods of measurement can be broadly divided into two main groups, direct and indirect. Direct methods
compare the output data from the measurement systems to pre-determined standards. Indirect methods
convert the output data to a pre-calibrated scale to reflect the values of the input features. Calibration
procedures are classified as either controlled or naturalfl]. In controlled calibration the data is regarded
as fixed, while in natural calibration the data is considered to be random. The optimal "natural" calibration
of measurement systems, and subsequently the optimal restoration of the input data out of the output
obtained from these systems is the subject of this study.
Restoration procedures are those that decipher the input data when the output data of the measurement
systems are recorded. Classical approaches imply that the restoration procedures are the inverse of
the calibration procedures [2,3,4]. The issue of input-output inversity has been the subject of numerous
publication, from which it turned out that in several cases, the inversion needs to be modified by means
of weighting factors[5,6,7].
A major set-back with the classical restoration procedures is that they do not take into account the fact
that, usually, some apriori information about the measured features exists, such as the realistic fluctuations
which can be characterized by probability density functions (PDF).
An attempt was made to apply Bayesian analysis, involving subjective knowledge about input parameters,
through the introduction of penalties incurred by overestimating or underestimating the input values,
presented in a linear fashion. However, no validation for this linearity was provided[8].
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In this study it is demonstrated analytically that the optimal operator which regenerates the input features
out of the output data is not just the inverse of the response function of the measurement system. Rather,
it is determined by both the response function of the system and the statistical characteristics of the
input data. The proposed approach, based on Bayes treatment and the Taguchi technique [9] provides
criteria for optimal input regeneration based on minimum restoration error and maximum likelihood.
The approach is illustrated by examples of improved input restoration in industrial measurement systems
such as a radiation-based thickness gauge.
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Non-Probabilistic Reliability of Structures
Yakov Ben-Haim
Facility of Mechanical Engineering
Technion — Israel Institute of Technology
Haifa, Israel 32000
Reliability has a plain lexical meaning, which the engineers have modified and absorbed into
their technical jargon. Lexically, that which is 'reliable' can be depended upon confidently. Applying this to machines or systems, they are 'reliable' (still avoiding technical jargon) if one is
confident that they will perform their specified tasks as intended. In current technical jargon, a
system is reliable if the probability of failure is acceptably low. This is a legitimate extension of
the lexical meaning, since 'failure' would imply behavior beyond the domain of specified tasks. The
particular innovation which marks the development of modern engineering reliability is the insight
that probability — a mathematical theory — can be utilized to quantify the qualitative lexical
concept of reliability.
We do not detract from the importance of the probabilistic concept of reliability by suggesting
that probability is not the only starting point for quantifying the intuitive idea of reliability. Probabilistic reliability emphasizes the probability of acceptable behavior. Non-probabilistic reliability,
a.s developed hero, stresses the iinujf of acceptable behavior. Probabilistically, a system is reliable
if the probability of unacceptable behavior is sufficiently low. In the non-probabilistic formulation
of reliability, a system is reliable if the range of performance fluctuations is acceptably small.
Both approaches grapple with the problem of uncertainty. Both have clear design implications.
In both methods, the design variables are viewed a,s controlling the uncertainty of the performance.
In probabilistic reliability, design decisions must reduce the probability of unwanted performance
to acceptable levels. In non-probabilistic reliability, the design must assure that the performance
remains within an acceptable domain.
We stress the following ideas in this talk:
1. The modelling of uncertainty can be either probabilistic or non-probabilistic. We employ
several convex models to implement the latter option.
2. Many authors, from both philosophical and technological areas, have noted that the details
of probability distributions are often difficult, to verify or justify with concrete data.
3. Analysis and design for high probabilistic reliability are very sensitive to small inaccuracies
in the tails of the probability density function.
4. Convex models are structurally different from probabilistic models. In particular, they
have no probability densities. Instead, they use information about the uncertainty to specify the
structure of seis of uncertain events.
5. A theorem is discussed which compares the output of a system driven by a stochastic process,
with the output of the same system driven by a convex model which is homologous to the stochastic
process. The theorem suggests that input uncertainties which appear quite similar when modelled
by either a stochastic or a convex mode! can lead to output uncertainties which are significantly
different.
6. We examine three examples, covering both input uncertainties and structural-geometric
uncertainties: pressure vessel design subject to uncertain internal load; design of seismically safe
structures; buckling of shells with geometrical imperfections.
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Up-Dating Linear Elastic Models
Based on Computational Selective Sensitivity
Scott Cogan*, Frederkjue Ayer*, Yakov Ben-Haim* and Gerard Lallement*

1

Introduction

Formulation and verification of a mathematical model for the behaviour of a dynamic system is an
essential step in evaluating the reliability of the system, in constructing a controller, and in other
tasks. The model is verified by tip-dating a preliminary model, based on measurements.
Model up-dating of a dynamical system is an inverse problem whose severity tends to increase
wit h the dimension of the system. Selective sensitivity is a method for partitioning the identification
of a large linear elastic vibrational system into many low-dimensional estimation problems. A
major practical limitation of selective sensitivity in its previous formulation [1-4] is the need for
data from numerous actuators. In this paper we show that selectively-sensitive analysis can be
made with modal data, and that the main instrumental limitation is the number of sensors rather
than actuators.

2

The System

Consider an A'-dimensional conservative linear elastic system. The columns of Y^ G $Nxm a r e
the shapes of in measured modes. These mode shapes have been expanded to all the degrees of
freedom if the number of sensors is less than the number of degrees of freedom. The diagonal
matrix A (s) £ $j'™*»" contains the measured eigenvalues.
The actual flexibility matrix, I\ is related to the measured modal data Y^ as:

r(A) = r<s'> [A(S-) - A/]"" 1 Y^T
1

+R

where R is a residual term arising from the unmeasured modes, and F^5) is the estimate of F based
on the measurements.
The frequency-domain input-output relation is:
?/ = THf

(2)

where y is the response at all the degrees of freedom.
The N x N dynamic stiffness matrix is Z(A) = -\M + K = F~](A), where A is the Fourier
transform variable. Denote the physical inodel parameters, such as local stiffnesses and inertias,
by model parameters p\
/>/?. We assume that Z can be expressed as a linear function of the
model parameters:
R

Z(A) = £>Z,-(A)

3)

The matrices Z,( X) depend on the connectivity of the finite-element representation of the structure,
and are assumed to be known, but not on the values of the model parameter*..
° ' Lahoratoire de Mechaiiique Appliquee, Univrrsite <le Franche-Comte, Route de Gray, 25030 Besan^on, France.
"' Faculty of Mechanical Engineering, Tecliiiion — Israel Institute of Technology, Haifa 32000, Israel.
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3

Sensitivity Relations

The definition of parameter sensitivity is the square of the Euclidean norm of the variation of the
Fourier (or Laplare) transform of the output, with the model parameter:

Model up-dating by selective sensitivity centers on the idea of partitioning the parameter set
into subsets for which decoupled estimation equations are available. Let JE represent a set of
indices of model parameters to be estimated. Thus />,-, i £ JB, denotes a subset of the model
parameters of the sjateni. Usually JE is a small index-set, often containing only a single index.
Let Jp contain the indices of all remaining unknown model parameters; additional parameters may
be known from prior information. Silrrtivr sensitivity for model parameters indexed in JE and
(ii/iiinst parameters indexed in Jv is defined as:
0
not 0

for
for

i G JE

(5)

One can show that selectivity for parameters indexed in JE and against parameters indexed in JD
is obtained when the output 0 satisfies \\w first srlrctwity relation:
Z,ti =

not 0

for
for

i e 3D
i £ JE

(6)

When a 0 exists which satisfies these relations, it can be found without knowledge of any model
parameters, and requires only knowledge of the connectivity of the structure, as expressed by the
matrices Z,.
It is important, to emphasize that eq.((>) can usually be solved even when JE is a small set,
often containing only one or two indices. This results from the fact, that the connectivity matrices
Z, are sparse, and thus have null spaces of high dimension. This is discussed at length in [2-4].
The siciHid selectivity equation determines an input vector, f^s\ in terms of 0 obtained from
eq.((i). From eq.(2), with y — 0, we determine /<-s* from the flexibility matrix based on measured
modes. r ( s ) :
0
(7)
This / ' s ' will be selectively sensitive since fi has the orthogonality properties of eq.(6).
The actual parameter updating is based on the relation:

(8)
s

provided that a force vector / ' ' exists which can produce the response 9. Assuming this to be
true, and exploiting eq.(3) and the firs) selectivity relation, eq.(6), this becomes:
(9)
Now, substituting this relation into eq.(7) shows that, explicit, construction of the input vector,
is not necessary, and that an estimation equation for up-dating model parameters p,, i 6 JB, is:

r<s»

(10)

Note that this estimation relation is decoupled from the model parameters indexed in JD. However,
this relation will yield imprecise estimates if eq.(S) cannot be solved exactly for / .
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Strategies for Choosing 0

The flexibility matrix, F' 5 ), is calculated from measured modal data as in eq.(l). Often the number
of measured modes, m, is less than the number of degrees of freedom, N. Consequently, the
flexibility matrix, l^s\ is rank deficient, due to incompleteness of the modal basis. Furthermore, an
arbitrary 0- vector may not allow precise solution of eq.(7) for / ' 5 ' . It is thus wise to seek 8-vectors
which are both selective, in the sense of eq.(6), and consistent with the modal data base. This
motivates various strategies for choosing 9. Here we discuss only one.
We construct 0 in the column space of Y^ s ' so as to minimize the sensitivities to the unwanted
model parameters. That is, we choose 0 as:

while we choose y of unit norm to minimize the undesired sensitivities:
miii £

||^l'<-s>>ff|a

subject to <f <j = 1

This leads to an eigenvalue equation which is readily solved for

5

(12)
(j.

Conclusion

Selective sensitivity is a method for partitioning the identification of a large linear elastic system into
a sequence of decoupled, low-dimensional estimation problems. This decoupling and dimensionreductioji serves to ameliorate the ill-conditioning often associated with up-dating the model of a
large system. The major advance presented here is the formulation of selective sensitivity with
modal data, thus making selective sensitivity an off-line computational procedure, rather than an
on-line adaptive-measurement method.

6
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THE IMPACT ON NEUTRON IRRADIATION ON THE MECHANICAL
PROPERTIES AND FRACTURE MORPHOPLOGY OF COLD WORKED
Al-6063
A. Munitz, A. Stechman, C. Cotler, S. Dahan, and F. Simca
Nuclear Research Center-Negev, P.O.Box 9001, ISRAEL

ABSTRACT
The impact of neutron irradiation on the mechanical properties and fracture
morphology of cold worked Al-6063 were studied, using scanning and transmission
electron microscopy, as well as tensile measurements. Specimens (50 mm long and 6
mm wide gauge sections) were punched out from an Al-6063 23% cold worked parts
which were exposed to prolonged irradiation of neutron fluence of up to 4.5 x thermal
neutrons/cm2 (E < 0.626 eV). The tensile specimens were then tensioned till fracture in
an Instron tensiometer with strain rate of 2 xlO~3 mm/s. The uniform elongation as
well as the ultimate tensile strength of the irradiated Al increase as functions of fluence.
Metallographic examination and fractography reveal a decrease in local reduction of
final fracture necking. This reduction is accompanied with a morphology transition
from ductile transgranular shear rupture to a combination of transgranular shear with
intergranular dimpled ruptures. The intergranular rupture area increases with fluence.
the dislocation density of cold worked Al decreases with the thermal neutron fluence
and dislocation rearrangement in sub-grain was observed. It also was found that
irradiation induces the formation of Mg2Si precipitation and the beginning of the
formation of a Free Precipitation Zone.

Annealing of cold worked Al-6063 at 52°C for long periods of time revealed
similar results as was observed for the impact of irradiated material. It was deduced that
the major factor influencing on the mechanical properties and on the microstructure
during irradiation at the Israel Research Reactor #2 (IRR2) is the temperature during
irradiation.
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The Use of Software Quality Assurance Techniques in the Validation
of Results in Nuclear Thermal-hydraulic Safety Research
L. Reznik
Nuclear Engineering Department
Israel Electric Corporation
The Nuclear Engineering Department at IEC has been engaged for a
number of years in a joint research agreement with the Technion
Nuclear Reactor Research Group (lead by Prof. E. Elias), on various
thermal-hydraulic aspects of reactor design and safety.

Besides developing their own analytical models, the researchers rely
heavily on the RELAP5 computer code in their analyses.

The RELAP5 series are general purpose, thermal-hydraulic system
codes, used to simulate system response (such as the RCS) to
transients and accidents. They are based on solving the equations of
conservation of mass, energy and momentum within the system being
modeled, where the model is a series of control volumes connected by
junctions. The equations are solved simultaneously in each volume
and junction using a finite difference numerical scheme.

As an example, a recent report

C1]

refers to containment response to

a large LOCA in an AP600-like advanced rector. This work has been
performed using RELAP5/Mod2. Accidents like LOCA represent design
base events necessary to verify the adequacy of the ECCS (emergency
core cooling system, the PCCS (passive containment system) and other
safety systems. The validation of simulation results is therefore
important to the IEC staff responsible for monitoring the research.

II -

23

Serious technical obstacles encountered in the validation process
are due to the sheer volume and complexity of the input data. For
example, the above LOCA-containment analysis requires modeling the
primary system by a two-loop nodalization scheme consisting of 226
hydrodynamic (fluid control) volumes, 253 hydrodynamic (momentum
control) junctions, and 78 heat generation and transfer structures
(with 329 mesh points). In addition various modeling assumptions,
such as those made for choosing two-phase flow and heat transfer
regimes, or condensation/evaporation mechanisms, have to be tested.

To facilitate the validation effort, several Software

Quality

Assurance (SQA) techniques have been employed.

The first approach consisted in abandoning almost completely the
printed RELAP5 output, relying mostly on graphs for testing time
dependence of some pre-selected system parameters (fuel temperature,
primary system pressure, leakage flow rate, core liquid level).
Since thousands of graphs can be generated for the above detailed
plant model, specific volumes and junctions should be selected as
control locations for plotting appropriate key parameters.

With this objective in mind, a special graphic user interface has
been developed in the IEC NED for validation testing of results of
the Technion thermal-hydraulic research using RELAP5[2]. Information
obtained from transient simulation has been re-organized and preprocessed

according

to

user

requests

parameters at specific periods of time.

of displaying

specific
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Special attention has been given to developing subsequent interface
for IEC standard tools of data analysis and presentations such as
the LOTUS and FREELANCE software packages. During implementation of
this work certain difficulties have been encountered and resolved.
Most of the problems relate to data transfer and compatibility
between different operating systems (MVS-CMS-DOS/PC) as well as to
limitations of graphic resolution in standard presentation tools.

The second approach is to apply SQA methods of functional software
testing to validation of RELAP5 input data. The Boundary-Value
Analysis (BVA) method, the Cause-Effect Analysis (CEA) method and
the

Equivalence-Class

Partitioning

(ECP) method are the most

accepted methods of functional testingC3]-

Due to the large number of input data (thousands of different values
are required for a typical transient specification), the first two
methods are of marginal utility. On the other hand, the ECP method
is of significant help to a code user for performing pre-screening
of input data and for selecting classes of most important parameters
for validation testing.

ECP facilitates separating various classes of input data. This
includes data which are function of plant initial and boundary
conditions (such as core power level, set points, valve operation
and trip parameters), data related to various physical constants and
material

properties

(such as neutron kinetics and decay heat

parameters, fuel, cladding and structural conductivities) and data
which are function of user modeling considerations (such as plant
representation and nodal ;zation, time step selection, wall friction
and form losses).
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At present the use of advanced complex computer codes like RELAP5
still includes an element of art where the results can be function
of the user's skill. Therefore the above user-dependent class of
input data is usually the most frequent source of errors and
inaccuracy of results, especially when there is a lack of user
guidelines, training and experience.

In these conditions, using the above SQA method of ECP for the
formulation of the assessment test matrix, may significantly reduce
the amount of validation efforts. Since we are focussing here on
user-modeling

input data, testing the adequacy of the code's

physical models and assumptions is beyond the scope of our analysis.

On the other hand, for cases where a choice must be made between
various engineering correlations (such as for heat transfer or fluid
flow), the Boundary-Value method may prove effective. In testing the
code control structure or in a separate effects analysis, the CauseEffect Analysis method may be used to determine synergetic effects
of error propagation.

In summary, SQA techniques of functional testing have been applied
in the process of validating results of modeling a LOCA in an AP600
reactor using RELAP5/MOD2. In addition, a Graphic User Interface
(GUI) system has been developed to facilitate the validation
efforts.
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Nuclear Steam Generators
G. Hetsroni
Danciger Professor of Engineering
Faculty of Mechanical Engineering
Technion, Haifa Israel
The NSSS (Nuclear Steam Supply System) is a relatively recent development, and has
been in use for about thirty years. During this time there were constructed and put in
operation 298 Pressurized Water Reactors (PWR), 81 of which are in the U.S.; 100 Boiling
Water Reactors (BWR), 38 of which are in the U. S.; 19 light-water cooled graphitemoderated reactors (LGR) and 50 pressurized heavy water moderated and cooied reactors
(PHWR) - all over 30 MW. In addition, there were expected to be in operation 163 more
PWRs, 56 BWRs, 12 LGRs, and 18 PHWRs. However, this growth depends largely on
the political climate and various economical, ecological and emotional issues. Currently
it seems that a renewed growth of this industry may be a decade away.
The NSSS provided in the past service which was mostly safe and trouble free. Recently, however, there is an increasing number of PWR nuclear steam generators which
develop technical problems, such as denting, intergranular attack (IGA), vibration of
tubes which cause wear and fatigue, wastage of tubes, pitting, erosion - corrosion, water
hammer, etc. Any of these can lead to a breach of the integrity of the tubes and to leakage
of primary (contaminated) coolant into the secondary fluid. Here primary fluid is defined
as the fluid transferring heat from the reactor core to the steam generator. Secondary fluid
is the one boiling in the steam generator, leaving the containment vessel to the turbines.
The secondary fluid must not be radioactive, and must not be contaminated by primary
fluid. Therefore, when leaking tubes are detected (with leakage at a rate of about 400
liters per day), the plant must be shut down for repairs, at great costs and loss of revenue.
Today, there is no assurance that present designs and practices will result in the 40 year steam generator expected lifetime. Moreover, experience to date warns against such
an expectation. The various problems with steam generators result in cracking of tubes,
which in turn, necessitates plugging of those tubes, to prevent leakage of primary coolant
into the secondary one.
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Full Core Simulations of LOCA Transients
in an AP600 Reactor Using COBRA
I. Silverman, M. Shapira
Soreq Nuclear Research Center
Yavne, 81800

E. Elias
Department of Mechanical Engineering
Technion - Israel Institute of Technology
Haifa, 32000

Abstract
Core transients have been calculated with Full Core (FC) and Single Channel (SC) models by
COBRA-IV-I and with SC model by RELAP5/MOD2. From the SC simulations, it has been found
that for transients where the rate of change of the conditions is moderate to rapid, like in a small
LOCA, there is an excellent agreement between the results of the two codes. For rapid transients as
in a large LOCA the agreement is less favorable, although qualitatively similar results are obtained.
Results obtained when using the more accurate FC model are generally different than that obtained
when a SC model is used. FC simulation indicates that the coolant which enters the core after the
blowout flows mainiy through the.cooler channels and bypasses the hot channels and cools them
only by heat conduction. This kind of simulation is essential for calculation and verification of the
hot channel factor.

Introduction
The Westinghouse AP600 reactor is designed to provide 600 MW of electricity at a competitive cost
and with better safety standards than conventional nuclear power plants. It incorporates passive
emergency systems, based on natural convection and gravity driven flow [1], which makes the plant
less susceptible to severe accidents. Since the most important features of the AP600 design concern
the emergency coolant injection systems, a detailed study of the post accident thermohydraulic core
response is very important. Elias et. al. [2] performed thermohydraulic simulations of a plant similar
to AP600 using the program RELAP5/MOD2. It is found that the high and intermediate pressure
passive injection systems might not be effective in preventing core uncover during a large break LOCA.
In [5], Silverman at. al. used a Single Channel (SC) simulation by COBRA to study the core transient
during LOCA. It is shown that results obtained by COBRA and RELAP for a single channel are quite
similar. This paper extends the previous work to a Full Core (FC) model. This kind of simulation is
essential for calculation and verification of the hot channel factor. A complete and detailed report of
this study can be found in [6].

COBRA-IV-I Model of the AP600 Core
The COBRA-FV-I code uses the computation cell method to simulate the core thermal hydraulics.
Cells may be used to represent the structural parts of the core, the fuel pins and controls or volumes
through which the coolant flows. The code assumes homogeneous and equilibrium conditions, thus
solving three conservation equations for the average values of mixture mass, energy and momentum
in each computation cell. This method enables subchannel analysis, thermal analysis of the fuel pins
and a solution of the general flow field in the core.
The AP600 core contains 41905 rods in 145 assemblies. Detailed modeling of the whole core may
be impractical in terms of computation time. Thus, a simplified core model, shown schematically
1
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in Fig. 1, is used in this work to study the core response during small and large LOG A transients.
Utilizing the symmetry of the core, the solution domain can be reduced to one eighth of the core with
24 simulated assemblies and 24 subchannels. In the model each assembly is represented by one fuel
pin. The geometry of the fuel pins and flow channels, the coolant flux and the heat flux from the fuel
pins to the coolant are kept the same as in the real core. Hence, pressure drop along the core, coolant
enthalpy increase along the core and coolant velocities are identical to those in the real core. In order
to get the same flow rate and temperature distribution across the core, the drag coefficient relevant to
lateral flow calculation has been modified. The drag coefficient has been set so that the resistance to
coolant flow and heat transfer between adjusting channels of the model are the same as those across an
assembly in the real core. Characteristic information about the subchannels is summarized in Table
1. Power distribution is assumed to be a cosine along the core ( — 70° < 9 < 70°) and the relative
power of each fuel pin equals the average relative power of the assembly it represents. More detailed
information about the model can be found in [3], [4] and [6].

1.057

1.106

0.813

0.523

Figure 1: Simplified core model, computation cells layout and power distribution.

Results
This section outlines some of the COBRA results obtained for two cases: a 200% large LOCA and a
small break LOCA (SBLOCA) representing, for example, a break in one of the CMT lines leading to
the reactor vessel. Boundary conditions (core inlet flow rate, inlet temperature, average pressure and
power) are taken from corresponding R.ELAP5 results.
Figure 2 shows the inlet and outlet flux in channels 1 and 24 for SBLOCA. The transient starts
at 50s by a break which causes a loss of coolant and a sharp drop in the system pressure followed by
a scram. The main circulation pumps are tripped off at 50s and come to a complete stop at t=220s,
reducing the core flow rate to almost zero. At that time, the coolant temperature at the inlet rises to
its boiling point. At 380s the coolant level at the Core Makeup Tanks reaches 80% of the original level
and the Automatic Depressurization System (ADS) is activated. The ADS increases the coolant flow
rate out of the primary loop and further decreases the system pressure and the boiling temperature
of the coolant.
The coolant flux in channel 1 is much higher then that at channel 24 which is located at the
circumference of the core where the drag coefficient is higher. Since the pressure drop along the core
2
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Table 1: Characteristic information on the division of the simplified full core model into computation
cells

VII
VIII

[in2]
.090
.179

Wetted
Permitter
[in]
0.911
1.811

Heated
Permitter
[in]
0.565
1.131

IX

.090

1.435

0.565

X

.134
.045
.067

1.888
0.983
0.944

0.848
0.283
0.424

Type

Area

XI
XII

Types of
Neighboring
Cells
VIII
VIII
IX
X
IX

Contact
Length
[in]
.010
.010
.010
.010
.005
.005
.005
.005

XI
XI
XII

Single channel, in
out
Channel 1, in
out
Channel 24, in
out
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Figure 2: Core mass flux vs. time (SBLOCA)
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must be equal for all channels, the coolant velocity and flux ave higher at channel 1. The difference
between the inlet and outlet flux, at the initial steady-state condition, is due to lateral flows generated
by the spacers. Coolant flux vs. axial location along the core, for a few channels, is shown in Fig. 3.
The spacers are located at i = l , 24, 48, 72, 96, 120 and 143in. All the spacers, except the one located
at 72in, generate a lateral flow from the center to the circumference ahead of them. The lateral flow
reduces the coolant flux at the center of the core and increases it at the circumference while the total
flow rate is kept constant. Behind the spacers, the lateral flow changes direction and the coolant
returns to the inner channels. The drag coefficient of the spacers has been set arbitrarily to unity
since its actual value is unknown.
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Figure 3: Coolant mass flux along the core (SLOCA)
Results of COBRA simulation of LLOCA are shown in Fig. 4 depicting the inlet and outlet mass
ttux in channels 1 and 24 together with the results obtained by COBRA using SC simulation. FC
simulation results are quite different than SC results. FC results indicate a slower increase in coolant
mass flux at the outlet, after the initial decrease, than that predicted by SC simulation. Coolant
boiling that generates this increase happens only in the central channels. In FC simulation, lateral
flow and heat conduction reduce the rate of boiling. Moreover, some of the effect is transferred to
the outer channels. This dispersion effect can not be simulated by SC models. The reason for the
fluctuations as boiling starts is not clear yet. When the effect of the boiling decreases, the force of the
suction to the break changes the direction of the flow at the outlet (at about t=l.4s). FC simulation
shows that this reversal happens only at the circumference where boiling at a lower rate. The coolant
that enters the core now flows mainly through the cooler channels and bypasses the hot channels and
cools them only by heat conduction.
Figure 5 gives the cladding temperatures at x=72in for rods 1 and 24. The cladding temperature
obtained from SC simulation is given for comparison. The cladding temperature found at the hot
channels is very high. We are still in the stage of verifying COBRA and studying its usage for in-core
thermohydraulic transient simulations. Unless the results of COBRA, or some of them, are found to
be inaccurate, these high cladding temperatures indicate that the cladding of fuel pins adjacent to hot
channels may fail during LLOCA.
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Figure 4: Coolant mass flux vs. time (LLOCA)
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Figure 5: Cladding temperature vs. time at ar=72in (LLOCA)

18

2O

Ill

- 7

Conclusions
Core transients have been calculated with FC and SC models by COBRA-IV I and with SC model by
RELAP5/MOD2. From the SC simulations, it has been found that for transients where the rate of
change of the conditions is moderate to rapid, like in a small LOCA. there is an excellent agreement
between the results of the two codes. For rapid transients, as in a large LOCA, the agreement is
less favorable, although qualitatively similar results are obtained. These differences are mostly due
to the different ways COBRA and RELAP calculate the void fraction. The COBRA code assumes
equilibrium conditions between the phases and delays void formation until the coolant temperature
and pressure reach saturation conditions, while RELAP5 uses a nonequilibrium model which allows
void formation also in pre-saturation conditions.
Results obtained when using a SC model to describe the core are generally different than that
obtained when a more accurate representation of the core is made. Lateral flow predicted by COBRA
is shown to be significant near core spacers. Coolant that enters the core after the blowout hardly
penetrates to the hot channels. It provides cooling to these channels only by heat conduction. The
cladding of the fuel pins that are located at the center of the core reaches high temperatures. We are
still in the stage of verifying COBRA and studying its usage. Unless the results of COBRA, or some
of them, are found to be inaccurate, these high cladding temperatures can indicate that the cladding
of the fuel pins adjusted to hot channels may fail during LLOCA. A complete and detailed report of
this study can be found in [6].
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AP600 Post Blowdown Containment Transients
Y. Nekhamkin, D. Hasan, E. Wacholder and E. Elias
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Introduction
The containment response in a hypothetical large loss of coolant accident (LLOCA) can
be divided into two major phases. A blowdown phase which lasts less than a minute
and a long term phase, which is the topic of this paper, lasting for the remainder of the
transient - on the order of hours. The long term containment pressure is controlled by
the rate of heat exchange processes on the outer containment wall and by the driving
force of heat and mass sources continuously released from the primary system. In order
to estimate the magnitude of the primary energy sources, we have chosen to examine a
hypothetical event in which the core remains partially uncovered for an extended period
of time following a LLOCA.
The total energy release rate from a partially uncovered core consists of decay heat
and chemical heat due to steam-metal reactions at the fuel clad surface. For a reactor
undergoing a scram after a long period of operation at power Po, the decay heat at time
t (sec) is given by:

Pd{t) = 0.0622/y~0.2

(1)

Clad oxidation is an exothermic reaction which results in hydrogen formation and
release of heat. The heat of reaction is 6500 kJ per 1 kg of Zr reacted and the stoichiometric
volume of hydrogen generated is 0.5 m 3 . The reaction rate depends strongly on the clad
temperature, T r , and on the thickness of the oxide layer, 6. When sufficient steam is
available, the rate of this reaction is assumed to follow the Baker-Just [1, 2] exponential
rate law:
dr

3.968 x 10"5

/

22900\

where r is the radius of the reacting metal oxide interface (m). Using eq. (2) the linear
power per unit length of fuel rod generated by the steam-metal reaction can be calculated
by:
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- *)£ * h3 x

Q'r =

(3)

where pzT is the Zr density (8037 gr/m 3 ) and i?o is the initial rod radius (m).
Equation (2) indicates that for a given oxide thickness, the linear power increases with
increasing clad temperature. On the other hand, as 8 increases it shields the inner clad
layer and the linear power decreases.
PCCS Heat Removal Rate

0
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2000
Til.'9 ;sec]

2400

2300

3200

3600

Figure 1: PCCS Long Term Heat Removal Rate vs Time
Equations (1) and (2) were utilized for predicting the quasi-steady long term energy
released to the containment from a partially uncovered core. Assuming a cosine distribution of the decay heat intensity along the rods the total steam flow rate, m0, may be
determined by a heat balance over the wetted section of the core as:
- c o s 0r/3)]
u

2[c,(T f -r 0 ) + 7]

(4)

where Cf is the water specific heat, To - water inlet temperature, T, - saturation temperature, 7 - latent heat of evaporation and /3 is the dimensionless height of the wet zone
(0 = l/L). A Heat balance over the dry zone yields:

sin —dx + QT(Tr) = moc,(Tv - T.)

(5)

where QT{TT) is the total reaction heat generation integrated over dry section of the core,
c, is the steam specific heat and Tv is the exit steam temperature.
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For a given water level, eqs. (4) and (5) fully determine the steam flow rate and
temperature, and thus the total power transferred to the containment. This, in turn, may
serve as input for calculating the long term containment conditions. The effect of the
chemical reaction heat, Qr in eq. (5) was calculated to be of the order of 10% to 20%.

Containment Response
The calculated values of the exit steam flow rate and temperature were used as input
data to predict the long term containment response of the AP600 reactor under LLOCA
conditions. Computations were performed using a RELAP5 numerical simulation of the
containment building and its passive containment cooling systems (PCCS) [3]. The model
simulates the conduction and convection heat transfer processes at the steel containment
wall. Numerical calculations were done for the following parameters: containment external
heat transfer coefficient, h = 12.6 W/m 2 /K (corresponding to natural convection to air)
and h = 1000 W/m 2 /K (corresponding to water cooling), /9=0.6, 0.8, and 0.95.
Figure 1 shows the PCCS cooling power as a function of time and core water level for
natural and forced convection (NC and FC) cooling at the outer containment wall. The
cooling power increases in time due to the gradual heating of the containment wall. For
NC cooling the heat transfer rate is limited by the outer heat transfer coefficient and,
therefore, the cooling rate does not depend on /? or on the primary power transferred to
the containment. On the other hand, when FC cooling prevails at the outer containment
surface, increasing /3 up to 0.8 increases the rate of heat transferred through the wall.
Increasing (3 above 0.8 does not change the primary power nor the PCCS rate of cooling.
Typical pressure results are presented in Fig. 2. The initial containment pressure is
taken as 2.4 bar corresponding to the pressure at the end of the initial blowdown phase
of a LLOCA event [3]. The containment pressure clearly depends on the water level
in the core. Independent of the external heat transfer mode, increasing /3 increases the
containment pressure. The influence of (3 is significant for values of /3 relatively far below
1.0. The containment pressure curves in Fig. 2 practically coincide for values of/3 in the
range of 0.8 to 0.95.
Two families of curves are shown in Fig. 2 corresponding to FC and NC cooling at the
outer containment surface. It is shown that unlike the case of air-cooling (NC), an external
water-cooling (FC) keeps the containment pressure at a lower value and provides a reliable
containment conditions. The pressure curves have some typical characteristics. During
the first minutes of the transient (up to 10 minutes) the pressure slightly decreases due to
heat transfer to the containment wall and to the internal structures. Then, depending on
the external heat transfer coefficient the pressure either increases (for h =12.6 W/m 2 /K)
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Containment Pressure with Ext. Cooling
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Figure 2: Pressure Histories in AP600 Containment with Forced and Natural Convection
Cooling
or decreases (for h =1000 W/m 2 /K). The discontinuity in the pressure curve at about
2400 to 2800 seconds can be explained by a change in the heat transfer regime along the
containment wall.
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Re wet ting of a Finite Rod with an Arbitrary
Space-Dependent Heat Transfer Coefficient
S. Olek1 and E. Elias2
1
Research and Development Division
Israel Electric Corporation Ltd., Haifa, Israel
2
Faculty of Mechanical Engineering
Technion Haifa, Israel

Introduction
Two-dimensional rewetting models usually assume two or three regions, with different
boundary conditions specified at the solid surface, see reviews by Elias and Yadigaroglu
(1978) and Olek (1988a).
The more advanced analytical solutions by eigenfunction expansions obtain a formal
expression of the temperature distribution in each sub region with a constant heat transfer
coefficient. This expression contains some, yet, unknown constants which are determined
by matching the temperatures and their axial gradients at the interface between adjacent
sub domains, e.g. Sawan and Temraz (1981) and Bonakdar and McAssey (1981).
As far as we know, to date there does not exist an analytical solution of a rewetting
model with an arbitrary space-dependent heat transfer coefficient. Moreover, eigenfunction expansions solutions of models with a discontinuous heat transfer coefficient have
been shown to impede convergence of the series and to decrease the solution accuracy,
Olek (1988b).
In the present study, we solve by eigenfunction expansions a two-dimensional model
of rewetting of a finite length slab or cylindrical rod, with an arbitrary space-dependent
heat transfer coefficient. The unique features of the present approach are the simplicity
of the solution, which does not necessitates a tedious splitting of the solution domain into
subdomains, and avoiding the convergence problem associated with cases of discontinuous
heat transfer coefficients.

Analysis
In the present model it is assumed that far upstream of the quench front (at z = —d), the
wet region is quenched to a temperature Tj n , while the far pre-quenched zone (at z = b)
is still at the initial wall temperature Tw.
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Assuming a constant rewetting velocity u, the quasi-steady-state heat conduction
equation for a dimensionless frame of reference (r, z) moving along the solid at this velocity
is
86
V28 + 2s— = 0 in 0 < r < 1, for - a < z < b,
(1)
where V 2 is the two dimensional (in parallel and normal to flow coordinates) Laplacian
operator in either a cartesian or cylindrical geometry, a = ^-, 9 = jT"l^? , T = •£-,
z = ~ , with f and z denoting the dimensional radial and axial coordinates, respectively,
a — ^-, t = ^ " ' a ' s *^e thermal diffussivity, and Ro is half a slab thickness or the rod
radius.
The solution of Eq. (1) is sought for the following boundary conditions
— = 0 at
or

r = 0,

86
— + B{z)6 = 0 at
B = 0 at

r = 1,

z = -a,

6 = 1 at

-a < z < b

z = b,

(2)

-a < z < b

(3)

0< r <1

(4)

0< r < 1

(5)

where B(z) = h(z)Ro/k and k is the thermal conductivity.
The additional condition which establishes the relation between the rewetting temperature
and the other model parameters is
8 = d0 at

T

- 1,

z = 0

(6)

In order to simplify the related eigenvalue problem, let a new dependent variable be
denned by
8(r,z) = l +

Z

7^b

+ Mr,z)e-"

(7)

With this new variable, Eqs. (l)-(6) transform into the following equations
V2V- - s2i> + f{z) = 0 in

-5- = 0 at
Or

0 < r < 1,

r = 0,

for

-a < z < b

- a < z < b,

(8)

(9)
y

'
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-—- \- B(z)t(; + g(z) = 0 at r = 1,
or
ip = 0 at z = -a,

-a<z<b

0< r < 1

(11)

ip = 0 at z = b, 0 < r < 1

ih = ih0 = e0 - 1 -|

at r = 1,

r

(10)

(12)

z=0

(13)

o +6
where
<i -(- 6
o -)- o
It can be realized that the heat equation (1) is transformed into a steady-state nonhomogeneous wave equation (8), and that homogeneous boundary conditions (11) and (12)
are now imposed in the z direction.
Let us assume a solution by separation of variables in the form

n=l

and consider the eigenvalue problem

(15)

dz*
Zn = 0 at z = -a

(16)

Zn = 0 at z = b

(17)

Within a multiple constant, the resulting eigenfunctions are given by
Zn{z) = cos f3nz + cot /3na sin 0nz

(18)

and the eigenvalues are
B - —
~^Tb'
Introducing (14) into (8) yields
Pn

|(^)

n- 12
n-1,2,...

^

|

n<»
(19)

(20)

:ir

- is

where u — 0 for a slab and v = 1 for a cylindrical rod. Next expand / ( z ) in terms of the
eigenfunctions Zn(z)

f(z) = £ FnZn(z)

(21)

n=l

with
( 22 )
Making use of (15) and (21) in (20) gives after rearrangement

(23)
Since, in general, Zn(z) are not zero, we must have
d (

dRn

(24)

The solution of (24) is

= DnXn(r)

(25)

Un

where Un — Fn/((3^ + s2) and

= cosh Jpl +

= dahJ0* + s2r, for v ~ 0

(26)

},

(27)

whereas
for

»/ = 1

Dn and £„ are two sets of constants to be determined from conditions (9) and (10). Let
us first bring condition (10) to a separated form. Introducing (14) into (10) gives

D^
Now expand B(z)Zn(z)

B(z)Rn(l)Zn(z))+g(z) = 0

(28)

and g(z) in terms of eigenfunctions

(29)

(30)
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where by using the orthogonality properties of the eigenfunctions we have

Cin = fa B(z)Zn(z)Zi(z)dz/ £ Z\{z)iz

(31)

Gn = fa g(z)Zn(z)/ £ Zl{z)dz

(32)

and

Inserting (29) and (30) into (28) results in

£ ^(l)Zn(z)
rc=l

+ Y, E ^ - i W « » ( l ) + EG»^»(*) = 0
n=l i=l

(33)

i=l

Changing indices n and i in the summations of the second term in (33), and reversing
the order of the resulting summations, gives after some rearrangement

£ Zn(z)[^(l) + £)GJfc(l) + Gn] = 0

(34)

Again, since, in general, Zn(z) are not zero, we must have

n

- 0,

n - 1,2,...

(45}

From condition (9) we have
^ ( 0 ) = 0,

n = l,2,...

(36)

which gives En = 0, n — 1,2,... so that (35) becomes

+ E Cin[DiXi{l) + Ui] + Gn = 0, n = 1,2,...
Equation (37) is a linear system of equations from which Dn, n = 1,2,

(37)
can be

determined. As common practice with series solutions, only a finite number of terms
are considered, so that the system of equations (37) is truncated to a finite number
of equations. Once the temperature distribution is known in terms of a, the rewetting
velocity can be mapped vs. the rewetting temperature from condition (6).

Summary
A solution by eigenfunction expansions is obtained for a 2D rewetting model with an
arbitrary space-dependent heat transfer coefficient. In the present approach, the eigenfunctions in the axial direction are used to expand an expression which contains the heat
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transfer coefficient, thus enabling the separation of variables in the convective boundary
condition. This way the solution is derived using one domain only.
Note that the current solution invokes the heat transfer coefficient under an integral,
see equation (31). In cases of a discontinuous heat transfer coefficient, this smoothing
avoids the inaccuracies associated with other solution methods.
The procedure of deriving a solution for an infinite solid (—00 < z < 00) is similar
to the one above, but the eigenfunctions become
Zn(z) = V(P) cos p + W{P) sin P

(38)

where V(/3) and W(/3) are constants. The expression of a function F(z) in an infinite
domain is given by

F{z)= r

[V(P) cos p + W{p) sin p]dp

(39)

J0=O

where

- f°°

F(z') cos

fiz'dz'

(40)

7T Jz' = ~oo

F(z') sin Pz'dz1

(41)
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1. INTRODUCTION
The interaction of a radiation field with a nuclear material of a fuel cartridge is expressed by local
changes of physical nature. The cladding material, submerged in a corrosive atmosphere and designed
to be in intimate contact with the mechanically dynamic fuel, is often detached both in axial and
circumferential directions. This sepa-ration is characterized by poor heat transfer conductance
through the cladding, affecting the nominal temperature distribution by increasing the values beyond
the maximum safety limit of design. Furthermore, in extreme conditions, the local overheating of the
nuclear fuel will cause the evaporation of the coolant flow along the cladding and ultimately the
melting of the fuel.
Previous analytical analysis, limited by the complex nature of the topic, enable only 2D
approximations where the separation is considered to be completely circumferential along a
prescribed axial length' '). Alternately, one can consider a separation of the full length over a
prescribed angle. Considering the above mentioned and the present advanced numeri-cal calculation
tools, a 3D precise calculation of the temperature distribution in a nuclear fuel motivated the present
work.
2. THERMAL MODEL and ANALYSIS
The temperature distribution is solved by a numerical analysis applied on the Poisson equation,
namely the heat conduction differential equation with internal heat source. Since the designer's aim is
to evaluate the extreme temperature distribution on the fuel, only the steady state temperature
distribution is considered as follows:

where:
9 = local temperature; k = thermal conductivity; and q = the rate of heat generation per unit
volume.
Further assumptions are that the cladding material is considered to be a perfect conductor, while the
separation is regarded as a perfect isolation. Furthermore, to emphasize a severe case, the upwards
and downwards edges are also considered to be perfectly isolated.
Therefore, the boundary conditions of equation 1 are:
- k — = h (0 - 6
dn

ae „
— =0
dn

) area in contact with the cladding

. .

(2)

area experiencing a separation

marking that:
h = convection coefficient; 9 = ambient reference temperature and n = unit vector perpendicular to
the surface.
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In the present analysis, a cylindrical fuel rod is considered. The 3D thermal field is obtained by
solving equation (1) numerically with the boundary conditions (2), using the Finite Element Method
(FEM). Due to symmetry, only one half of the fuel rod needs to be modeled. The numerical model of
the fuel rod consist of 1125, 20 nodes isoparametric volumetric elements and 8 nodes of convection
surface elements over the area in contact with the cladding. In order to evaluate size and edge effects
on the temperature distribution, the computations were carried out for separation over areas of
different sizes namely: angles, lengths, and axial locations. A typical presentation of the finite element
mesh of the physical model is presented in Figure 1.
3. RESULTS and DISCUSSION
The maximum temperature increase in the nuclear fuel resulted from a certain separation of the
cladding material, is shown in Figure 2. As previously mentioned, the separation is characterized by a
certain value of length (t) and angle (a). The ratio between the length of separation and the radius of
the fuel is presumed to be in the range of 0 < t/R <1, based on practical engineering assumptions. A
non-dimensional Maximum Temperature gra- dient (ndMTg) is referred to the maximum temperature
without detachment (90). The results indicate that for small length of separation, t/R S 0.5, the ndMTg
is increasing almost linear with the circumferencial angle propagation of the detachment. A further
increase of the length of separation will cause an accelerated increase of the ndMTg while the
circumferenciai angle of separation is increased. Ultimately, for t/R » 1, the large increase in the
ndMTg is mostly affected by the length of separation and only slightly depended on the
circumferencial detachment of large angles.
A typical picture of the isotherms distribution is depicted in Figure 3. The plot indicates the local
nature of the temperature increase, due the separation, in the immediate vicinity where the more
distant areas results indicate the nominal temperature distribution. Moreover, a reasonable demand
will be to asses the edge effects of the model of separation, explicitly the dependence of the results on
the distance from ihe isolated edge (a). The relative Maximum Temperature variation (rMTv),
resulted by the edge effect, is defined as the ratio between the actual temperature and mid-plan
temperature (6n) gradients. The results, shown in Figure 4. indicate that for a non dimensional
distance (a/R) > 1.5 no edge effect is expected. Additionally, for (a/R) = 0.5, the rMTv change is less
than 10%. Therefore, the edge effect should be considered only at the very extreme axial ends of the
fuel.

4. CONCLUSIONS
Separation of the cladding material increases the maximum temperature in the fuel up to unallowable
values and ultimately may cause heat damage. The numerical model results allow to deduct the
following conclusions:
- For longitudinal separation of t/R < 0.5. the ndMTg is linearly dependent on the angle of
separation, where for t/R » i the ndMTg appears to be dependent mainly on the longitudinal size of
separation.
- Edge effects due the preliminary assumption of insulated edges are limited to the range of distances
a/R <, \ 5, whereas for distant locations the results are axially independent.

5. REFERENCES
(1] Carslaw. H.S. and Jaeger I.C., CONDUCTION of HEAT TRANSFER in SOUDS, pp.224-226, 2nd
Edition.. Claderon Press.(1959).
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Figure 3 : Isothermal contours in the fuel for a detachment of t/R=0.7 and a =40P
located at a/R= 1.7.
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Validation of RELAP5 Critical Flow Model
U. Minzer, E. Weiss and E. Elias
Faculty of Mechanical Engineering
Technion-Haifa, Israel.
The critical two—phase model in RELAP5 [1] is derived from Trapp and Ransom [2].
The methodology breaks the choking process into one with either a two-phase inlet or a
subcooled inlet. For two—phase S.ow the phases are assumed to be in thermal equilibrium.
Thermal non-equilibrium is considered for subcooled upstream stagnation conditions.
Although an attempt is made in RELAP5 to consider the choking process from the
viewpoint of a full set of equations and to determine the critical characteristic applicable
to the onset of choking, in the end this was considered too speculative. A final choking
criterion is established as:

where G is mass flux, j is superficial velocity, p density, a void fraction and the
subscripts I and g refer to the liquid and gas phases respectively. A = pg/pi and ags is
the homogeneous equilibrium speed of sound [3].
Note that at 68 bar, A2 « 1/400 (even at 136 bar A2 « .018), therefore, for void
fractions greater than a very few tenths this criterion is really Va fa ags (where V3 is the
code calculated value of the vapor velocity). In practice, the procedure for calculating
the terms which enter in eq. (1) is not trivial since the staggered grid method used in
RELAP5/MOD2 evaluates the densities and void fraction in the center of the grid but
the velocities are evaluated at the junctions. In this case the cell centered values have to
be upgraded to the junction to account for the steep pressure gradients expected in the
neighborhood of the choking location.
For subcooled inlet, RELAP5/MOD2 assumes that the phases are in mechanical equilibrium and may be in thermal non-equilibrium. Thus the phasic velocities are:

VL = VG = ±Ve
where Vc is a choking velocity defined by:

Ve = max {aHE, [ # + 2(pn - pt)/p] ^

(2)

I l l - 23

Here Vn is the calculated velocity at the upstream junction, p is desity, pn is the
calculated pressure at the upstream volume and the throat pressure, pt, is defined by a
modified form of the Alamgir and Lienhard [4] pressure undershoot correlation.
Pt

= p, — max(Ap, 0)

Ap

=

(3)

~ 0.07(At/Ay(pVc>/2)

where TR is the reduced liquid temperature, Tc is the critical temperature, £ is the rate of
depressurization, A and At is the flow and throat areas respectively and kg is Boltzmann's
constant.

TIMEDEPENDETVOLUM
IDEAL JUNCTION
BLOWDOWN VALVE
SINGLE VOLUME
DISCHARGE PIPE

_-—-

JUNCTION

V7_
V

Figure 1: Sozzi and Sutherland [5] experiment system and code components
The RELAP5 nonequilibrium critical flow model has been validated against Sozzi
and Sutherland [5] experiments. The experimental set-up consists of a pressure vessel
connected via a quick opening valve to an exhaust pipe. Tests were initiated by opening
the valve at predetermined stagnation conditions while measuring the critical two-phase
mass flux.
The quasi steady stagnation conditions in the pressure vessel was simulated by RELAPS using a time dependent volume component. The pressure vessel was connected
to the discharge pipe using a junction with energy loss coefficient of 0.05 (or discharge
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coefficient of 0.9759) [5]. The cross section of the junction outlet was set according to the
pipe's diameter.
Long and short exhaust pipes were modeled as one volume, with length of 1.778 m and
0.3175 m respectively and 0.0127 m diameter. Since no pipe roughness data is reported in
[5], we have examined two extreme values; the smaller (0.127 fim) was based on Moody
diagram, and the other (60 fim) is reported in Idelchik [5] for commercially smooth pipes.
The exhaust valve was modeled as a valve junction component with no energy loss
(discharge coefficient was set to 1), and diameter similar to the pipe's diameter. The valve
was tripped by an on/off switch, using a trip card at the first time step. A schematics of
the RELAP5 model is depicted in Fig. 1.

Results and Discussion
As shown in Figs. 2 and 3, the experimental results were underpredicted for the hort pipe
(0.3175 m), even when the smallest roughness of 0.127 fim was used. Reducing the inlet
energy loss coefficient to the minimum value reported in the literature (0.005) [6], still
resulted in an underprediction. On the other hand, for the longer pipe (1.778 m) the measured results were overpredicted with the minimum roughness and were underpredicted
using the maximum pipe roughness of 60 /tm. In both cases the error in the predicted
critical m^iss flux is reduced as the stagnation state becomes closer to saturation.
SOZZI <^ M T H K R L A X D NOZZLE 2 NDATA 19
62 D-658(Bat I ll37-l2C1.5lUAql
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Figure 2: Predicted and measured critical mass flux in 0.3175 m pipe
It is concluded that a good agreement with equilibrium data (longer pipe) can be
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Figure 3: Predicted and measured critical mass flux in 1.778 m pipe
achieved by proper choice of the pipe roughness. Subcooled inlet data through short pipes
are generally underpredicted. This is mainly due to inadequate modelling of nonequilibrium effects in RELAP5.
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Optimal Thermal-Hydraulic Design for the Highly Moderated
MOX Fueled PWR 1
D. Saphier and P. Raymond
CE Saclay, DMT/SERMA, France

Introduction
A feasibility study on using 100% MOX fuel in an PWR with increased moderating
ratio, RMA 2 , was initiated by the CEA [1]. In the proposed core all the design
parameters will be as close as possible to the French 1450MW PWR, except the fuel
pin diameter which will be reduced to achieve higher moderating ratios. Moderating
ratios of 2 < VM/VJ? < 4 were considered. In the present study the thermalhydraulic feasibility of using fuel assemblies with smaller diameter fuel pins was
investigated. An assembly capable of burning 100% MOX fuel with reduced fuel pin
diameter and increased number of mixing grids is concieved. In the present paper
the methodology of applying the CHF correlation, the computational model and
some results are presented.

The CHF Correlations
The major safety consideration in the fuel element design is to maintain the fuel pin
integrity during normal and upset operating conditions. This is usually assured by
the requirement that under a predetermined set of adverse conditions, the minimum
DNBR (Departure from Nucleate Boiling = CHF/q'\ocat) be higher than a given
value, usually 1.3. Consequently an important element of the present investigation
was to identify the most approprite CHF correlation or data applicable to the RMA
conditions.
A recent literature search revealed the existence of tens of thousands CHF measured points, several tens of correlations to estimate the CHF and more then a
thousand publications. This is only to stress the importance of the CHF prediction
for the reactor safety analysis. Since CHF limits the maximum power extractable
from a nuclear reactor, and becouse there is a strong comercial interest to extract as
much power as possible, the CHF is a continuous subject of theoretical and experimental studies. Most of the measurements were performed in tubes for a wide range
1
2

Paper submitted to the 18th INS Meeting Tel-Aviv November 1984. (papl77ab)
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of flows, heat fluxes, pressures, T-H conditions and diameters. However, there exist
today a large body of data from rod bundle measurements, and correction factors
were applied to tube data to extend their applicability to rod bundles. An excellent
recent review and comparison of various correlations was prepared by Lellouche [5]
while an older review describing also the theoretical modeling efforts was prepared
by Marrinelly [3].
Some of the correlations, such as a recent Siemens ER.B-3 [6] and the westinghouse WRB-1 [7] correlations, claiming excellent agreement to measured rod bundle
data, are still proprietary. Several table look up techniques based on a large volume
of experimental data, such as the standard Russian tabulations by Doroshchuk [8]
and the recent tables by Groeneweld [9] made for flow in pipes, are also available.
The problematics of evaluating the CHF and the MDNBR in the present study
was therefore fourfold: Some of the correlations were not applicable to fuel assembly
calculations, others were not within the range of interest, some are still proprietary,
still others are not yet part of the FLICA-4 database. Consequently - Westinghouse
W3 correlation was chosen due to a large experience with this correlation which was
successfully used in the design and analysis of Westinghouse and Framatom PWRs.
The appropriate Tong's [7] corrections for nonuniform heat flux and grid spacers
were also implemented.

The Calculational Model
The FLICA-4 [4] code was used in the present study. This code is a full scale three
dimensional thermal hydraulic model that can be used for steady state and transient
analysis of LWR. The flow of the fluid through the core is described by a set of
four balance equations for each finite volume element. These equations include the
conservation of the total mass, conservation of the total momentum, conservation of
the total energy, and a mass conservation equation for the vapor phase. The drift
velocity between the vapor and the liquid are obtained from algebraic relations.
Closure equations, given in the form of various correlations and equations of state
are used to describe the following phenomena:
1)
2)
3)
4)
5)
6)
7)

Wall vaporization - Subcooled boiling
Bulk condensation
Turbulent mass diffusivity
Pressure drop due to wall friction, mixing grids and other singularities
Drift velocity between the liquid and vapor
Eddy viscosity
Eddy diffusivity

Ill

- 28

8) Heat transfer between wall and coolant
A three dimensional finite difference scheme is used and several levels of discretization are possible, ranging from very detailed scheme centered around a fuel
pin, up to the coarse mesh where the fuel assembly is a single mesh in the horizontal
direction. In the present study one eight of the core was modeled using the scheme
shown in Fig. 1.
z

Figure 1: Discretization scheme of 1/8 core used in the FLICA-4 thermal hydraulic
model.
The initial scoping calculations were performed with the 1-D option of the code,
however, there is a significant difference between 1-D and 3-D T-H calculations
mainly due to the cross-flow terms in the momentum equation, which result in different flow and enthalpies in the hot channel. Consequently all the final optimizations
were performed in 3-D.

Optimizing the Design Parameters
The target is to achieve a co-e with a moderating ratioincreased from 2 to 3. with
the same MDNBR as the reference design. It is also necessary to minimize the
design modifications and to keep the same N4 power rating of 4250MWt.
The parameters that were subject to modifications include the fuel pin diameter,
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the number of grids with mixing vanes, the number of guide tubes or water holes
in the fuel assembly, and two types of assemblies were investigated, the 17x17 and
19x19. As an example the effect of fuel pin diameter on the MDNBR and the
moderating ratio is presented in Fig. 2. Full details are given in the report under
preparation. [2]
•—TMDNBR
• - — •Vm/Vf

7.5

8.5
Fuel pin diameter, mm.

Figure 2: The effect of the fuel pin diameter on the MDNBR and the moderating
ratio.

Results of the Study and Conclusions
Some of the solutions are presented in table 1, together with the nominal N4 core
values. For the nominal 17x17 PWR fuel assembly nominal power and MDNBR can
be achieved by reducing the fuel pin diameter by 0.4mm, that is to 9.1mm and by
using additional 6 mixing grids. This will provide the same MDNBR as the reference
case. The moderating ratio achieved from this reduction of the fuel pin diameter is
only 2.3.
For the 19x19 fuel assembly, with the same pitch as the reference assembly, a
7.78mm fuel pin has to be used with the same 16 mixing grids as in the 17x17
assembly. The moderating ratio achieved under these conditions was 2.7. Further
investigations and the use measured experimental CHF measurements rather than
correlations, might modify the results obtained.
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Units
Assembly
Run
Fuel pin diameter
Total flow
Flow rate
Pressure drop
Grid spacing
Average heat flux
Minimum DNBR
Moderating Ratio

mm
kg/s
kg/m 2
Pa*103
mm
kW/m 2
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Reference
17x17
27
9.5
18527
3597
276
501
697
3.15
1.98

17x17
702w
9.1
18527
3413
300
270
728
3.10
2.31

19x19
210w
7.5
18527
3057
210
501
694
2.55
3.07

19x19
712w
7.78
18527
3178
264
270
669
3.13
2.71

Table 1: Preliminary RMA designs based on the W3 CHF correlation
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NEUTRON ACTIVATION ANALYSIS FOR ENVIRONMENTAL
TRACE ELEMENT RESEARCH
DETERMINATION OF ALUMINIUM IN DRINKING WATER
N. LAVI*, E. NEEHAN*, S. BRENNER*, Y. NIR-EL**
*Institute for Environmental Research, Tel Aviv University,
**Soreq Nuclear Research Center, Yavne, Israel

Israel

Since water is a good solvent, many pollutants (trace contaminants,
wastes from chemical processes) can be carried by, or dissolved in, and
thus be transported to the earth's aquifers.
The influence of the aerosols deposited on trees and plants as well
as the soil acidification on metal uptake is well known and dicussed in
the literature [1,2]. Soil acidification could affect the supply of the
essential as well as non-essential elements absorbed from the soil by
the plants, which in turn provide food for animals. Hence elements enter
the food chain.
In the past,
considerable
attention has been directed towards
understanding both the physiological roles and toxicity of the essential
trace elements in human and animal nutrition. Attempts have been made
to find a correlation between the trace elements concentration and
human disease.
Excessive concentration
of essential
as well as
non-essential trace elements in food or drinking water may induce
toxicity manifestations.
Alzheimer's disease is a neurological disorder [3,4] characterized
clinically by loss of memory as well as by the excessive accumulation
of aluminium in brain tissue. Researchers have found that people who
developed Alzheimer's disease suffer from a defective transferring
molecule [51. The normal function of this molecule is to bind Al and to
remove it from the blood-stream. A defect of this molecule, increases
significantly the possibility of Al circulating in the blood and
entering the brain.
A possible correlation between the Al concentration in drinking water
and the incidence of Alzheimer's disease in the UK has also been
suggested [6]. Water treatment and purification processes often involve
the use of aluminium sulphate coagulant to reduce water turbidity.
As the concentration of essential as well as non-essential trace
elements are important factors in diagnosis or during theraphy
(high levels of Cd or Su in humans could lead to a metabolic disorder),
there is a great need for fast and reliable methods for determination of
trace elements at nanogram levels in various tissues and biological
fluids.

IV - 2

8000

Al added (jig)
Fig. 1. Calibration graph for 10 ml of drinking water showing
the signal variation with the amount of aluminium standard added.
Neutron activation analysis
(NAA) and inductively coupled plasma
multielement atomic emission spectrometry (ICA-MAES) are widely used for
simultaneous determination of trace elements in water samples.
Aluminium is the second most abundant metal in the earth's crust, and
activates with thermal neutrons, producing ^Al (Ti = 2.25 min).
One of the main problems in the determination of trace amounts of Al
by NAA is to eliminate or at least reduce the background activity of
2
8 A 1 derived from blank values (derived from irradiated polyethyelene
vials). With this in view, we developed a sensitive analytical procedure
for the routine determination of Al in drinking water by thermal neutron
activation. The procedure is based on the standard addition method.
Various, known amounts of aluminium sulphate (2 to 10 yg Al) were added
to 10 ml of drinking water samples (collected from the same water
source). Each sample was irradiated for 2 min, and counted for 5 min
after a decay time of 1 min.
The graph of corrected net intensity vs the amount of added Al standard
solution was used to evaluate the intercepts, which correspond to the
10 ml taken from the water source. Fig. 1 shows the calibration graph
obtained for the determination of Al in drinking water by the standard
additions method. Using linear regression the correlation coefficient
was found to be 0.99987, the slope was 637 ± 6 counts ug~^, and the
intercept was 1089 ± 38 counts, indicating that the amount of Al in this
10 ml sample is 1.7 vig or 170 ug 1~1• with a relative error of ± 3.5%.
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The aluminium concentrations in various drinking water samples ranged
from 80 to 170 ug I" 1 , well within the recommended European Standard of
200 ug I" 1 .
It was found that the aluminium content of polyethylene vials is one or
two orders of magnitude higher than that found in drinking water.
Therefore, it was necessary to transfer the irradiated sample into a
precleaned and non-irradiated vial, in order to eliminate the blank
value.
The limit of detection (LOD), for the determination of aluminium by
gamma-ray spectrometry
(using the 1778 keV peak of the short-lived
radionuclide ^^.1),
when assaying a sample of 10 ml under the specified
experimental conditions, is 100 ng of Al.
The method is nondestructive, accurate, highly sensitive and may be
routinely applied on a laboratory scale.
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PRODUCTION OF NO-CARRIER ADDED "Se AND 75Se VIA THE
75As(p,3n) AND 75As(p,n)-REACTIONS USING Cu3As ALLOY
AS A HIGH CURRENT TARGET MATERIAL
THERMOCHROMATOGRAPHIC SEPARATION OF RADIOSELENIUM
FROM IRRADIATED Cu3As-TARGET
N. LAVI*, G. BLESSING, S. M. QAIM and G. STOCKLIN
Institute fur Nuklearchemie, Forschungzentrum Julich GmbH
Federal Republic of Germany

Abstract
The feasibility of applying Ci^As-alloy as a high-current material for
the routine production of 7 3 S e (Ti = 7.1 h) and 7 5 S e (T^ = 120 d) via
the 7->As(p,3n) anc j 75&s{p,n) -reactions was experimentally investigated.
A two-step thermochromatographic method using O2 as the purging gas was
developed to separate radioselenium which was taken up in 6M HC1.
The experimental thick target yields of 7 3 Se and 7 ^Se were found to be
166.5 MBq
(4.5 mCi)/uAh
and 444 kBq
(12 uCi)/uAh,
respectively,
corresponding to about 50 and 60%, respectively, of the theoretical
value, taking into account that the As concentration in the CU3AS alloy
is 28%.
The product was a high radionuclidic purity and predominantly consisted
of SeC>3~2 (selenite).
Introduction
The radioisotopes 7 3 S e (T£ = 7.1 h; EC = 35%; J3+ = 65%) and
-"Se (T' = 120 d; EC = 100%) are interesting sulphur analoges.
73
S e is well suited for applications in positron emission tomography
(PET).
Although 7 5 Se is not suitable for medical applications due to the high
radiation dose caused to the patient [1], it has been used in pancreatic
imaging as [7-'Se]selenomethionine.
The isotope is, however, more useful for developing chemical processing
methods, particularly in the case of no-carrier added radioselenium and
new routes of chemical synthesis.
The most suitable method for the production of no-carrier added 7 ^Se is
the 7^As(p,n)-process over the energy range of Ep = 17 —"-6 MeV.
The theoretically expected thick target yield of 7 5 Se amounts to
2.8 MBq (75 uC
7
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^se can be produced via several processes, e.g. (p,3n) and (d,4n)
reactions on !^hs [2-6] and a-particle induced reactions on Ge isotopes
[2,4, 6-10]. The method of choice, however, is the 75As(p,3n)-process
over the energy range of Ep = 40 —"-30 MeV [4,9].
The theoretical expected thick target yield of 7 3se amounts to
1406 MBq (38 mCi)/uAb.
Production of radioselenivua
Targetry and irradiations
A Cu3As-alloy developed earlier for the production of 7 ^Br anc j 77g r [11]
was used for the production of radioselenium. The As content in the
alloy was 28%. For the production of 7 ^Se, the thickness of the alloy
layer was reduced to about 750 urn, corresponding to the energy range
Ep = 17 — 0 MeV. Disks of 13 mm dia. were then cut and soldered on to a
copper holder which was connected to the target head. A 4 h irradiation
with protons (Ep = 17 —•• 0 MeV) at a beam current of 20 jiA led to about
37 MBq (1 mCi) of no-carrier added 7 5 S e .
For the production of 7 ^Se, thin samples of 250 vim were irradiated with
internal 40 MeV proton at a beam currents of about 10 uA. Since the
internal beam fell on the target at a grazing angle of about 13°, the
thin CU3AS alloy layer (3x1 cm) covered the optimum energy range for the
production of 7 3 Se (E p = 40 —»-30 MeV).
A 1 h irradiation with protons (Ep = 38 —»-30 MeV) at a beam current of
10 uA led to about 3330 MBq (90 mCi) of no-carrier added 7 3 S e .
The target could withstand irradiations for several hours without any
deterioration.
Thermochromatographic separation of radioselenium
A large number of methods have been reported in the literature [12].
In general,
three methods,
thermochromatography,
anion
exchange
chromatography and solvent extraction, have been commonly used.
The apparatus
used
for the
thermochromatographic separation
of
radioselenium was the same as described earlier [10].
Preliminary experiments showed that a distillation time ~2 h (including
about 0.5 h to reach the desired temperature of distillation), an
optimum O2 flow rate of 85 ml/min, and an oven temperature of >1000°C
were necessary for a quantitative removal of both macroscopic AS2O3 and
radioselenium from the target.
Two step separation procedure was
developed [Fig.1]. In the first step, thermochromatography was done at
660°C where the [7^As]As203 was quantitatively removed from the target.
The quantitative removal of radioselenium occurs only at temperature
>1000°C.
An activity balance showed that >85% of the 7 5 Se activity was
recovered in the main separate fraction, about 10% was carried
with the AS2O3 powder and the rest remained in the target.
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Production yield and quality control
The thick target yield of 7 5 Se amounts to 444 kBq (12 uCi)/uAh
(about 60% of the theoretically expected value) and the batch yield to
about 37 MBq (1 mCi). The radionuclidic purity of the separated 7 5se
were checked via gamma-ray spectrometry. The levels of contamination
derived from 7 4 As (T^ = 17.8 d) and 6 5 Zn (T^ = 244 d) amount to <0.2%
and 0.01%, respectively. The thick target yield of 7 3 Se amounts to
166.5 MBq (4.5 mCi)/uAh (about 50% of the theoretically expected value)
and the batch yield to about 7400 MBq (200 mCi). The levels of
contamination are shown in Fig. 1.
The chemical state of radioselenium was investigated by high performance
thin layer chromatography (HPTLC), described earlier [10]. As expected,
>95% of the radioactivity exists as selenite (SeC>33~).
Table 1. Production yield of

73

Se and levels of radionuclidic impurities*
Radionuclidic impurities at

73

Target

Se yield at EOB
mCi (MBq)

Cu 3 As

90 (3330)

72

Se

0.03

75

Se

0.03

EOB (%)
74

As

0.01

For experimental conditions: Ep = 38 — ^ 3 0 MeV; 1 h irradiation at 10 uA
Thermochromatographic separation at 1150°C.
The weight of CU3AS amounted to 0.13 g/cm*.
Chemical reactivity
The radioselenium separated via thermochromatography was reduced to its
elemental form by SO2 and extracted in benzene. The chemical reactivity
of radioselenium extracted in benzene was checked by loading columns of
polymer bound triphenyl- phosphine [13]. The yield of [7^Se]-triphenyl
phospine selenide was found to be about 95%, showing the high chemical
reactivity of the elemental radioselenium.
Conclusion
Starting from irradiated CU3AS alloy target material, followed by
thermochromatography in an
oxigen stream,
leads
to high purity
radioselenium which, after reduction to its elemental form, can easily
be extracted in benzene. The product shows high chemical reactivity.
The method was applied to the production of 7 5 Se over the proton energy
range of E p = 17 — » 0 MeV. It is, however, also applicable without
any modification to the production of 7 3 Se if the energy chosen is
Ep = 40 —»-30 MeV. A 2 h irradiation with protons (Ep = 38 — » 3 0 MeV) at
a beam current of 10 uA lead to about 7400 MBq (200 mCi) of no-carrier
added 7 3 Se. The method is adaptable to remote handling and automation.
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Fig.1. Removal of [74As]As2C>3 (a) and radioselenium (b)
from the irradiated Cu3As-target in an oxigen stream as
a function of oven temperature.
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THE BGO ALPHA-BETA-GAMMA SCINTILLATION SPECTROMETER*
Yehoshua Kalish
Medical Physics Department, Beilinson Medical Center,
Petah-Tiqva, Israel
Introduction
TheNal(Tl) alpha-beta-gamma (ALBEGA) scintillation spectrometer
was invented by Kalish in 1972 [1,2]. It was introduced at an
international conference in March 1973 [3] and further described
at other conferences [4-10]. The first manual Nai(Tl) ALBEGA
spectrometer was developed and constructed by Kalish in cooperation
with Beta Research & Development Co. (Israel) during 1972-1974
and a prototype of an automatic version was displayed by Kalish
and Beta Research & Development at the 5th International Conference
on Medical Physics in August 1979 in Jerusalem.
The core of the Nal(Tl) ALBEGA scintillation spectrometer
comprises
a cylindrical Nal(Tl) crystal coupled to two
photomultiplier tubes. At the center of the crystal, perpendicular
to its major axis, is a cylindrical cavity covered with quartz.
When a sample containing a beta- or alpha- emitting isotope is
to be measured, it is dissolved in a liquid scintillator, and the
vial containing the radioactive liquid scintillator is loaded into
the cavity. The light emitted from the liquid scintillator when
a beta or alpha particle interacts with it is piped through the
Nal(Tl) crystal to the two photomultiplier tubes. Only when the
pulses from both tubes coincide and only when the pulses are fast,
as determined by a pulse-shape analyzer, is the signal stored in
a multi-channel analyzer. The Nal(Tl) crystal serves not only as
a light pipe but also as an anti-coincidence shield for reducing
background counting rate. When a gamma, or cosmic, ray interacts
with both the liquid scintillator and the Nal(Tl) crystal, the
"false" pulse is not counted; such background pulses are rejected
by the pulse-shape analyzer. The light emitted from the liquid
scintillator and the Nal(Tl) crystal reaches the same photomultiplier
*

Patent pending
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tubes. However, the shape of a pulse originating in the organic
liquid scintillator differs from that originating in the inorganic
Nal(Tl) crystal: whereas the decay constant of a light pulse from
the liquid scintillator is about 2 ns, the decay constant of a
light pulse from the Nal(Tl) crystal is about 230 ns. By usinq
a pulse-shape analyzer it is possible to ascertain the origin of
the pulse.
When a gamma emitter is to be measured the Nal(Tl) crystal
acts as a conventional gamma scintillation detector.
The BGO ALBEGA Spectrometer
The Nal(Tl) ALBEGA scintillation spectrometer is a universal
spectrometer with which any kind of radioactive isotope can be
measured. However, it is unsuitable for the measurement of samples
containing low activities of tritium. With conventional liquid
scintillation spectrometers the background in the tritium window
is about 20 counts per minute (cpm), whereas with a Nal(Tl) ALBEGA
scintillation spectrometer it is over 100 cpm [6] . This is a rather
serious disadvantage as tritium is widely used, inter alia, in
biological laboratories, being the only radioactive tracer of
hydrogen. Noakes and Spaulding [11], who experimented with a similar
Nal(Tl) ALBEGA spectrometer, also got high background in the tritium
window and could not explain its origin. Van Cauter and his team
[12,13] suggested that it was caused by low energy X-ray photons
(up to 6 keV) from the photomultiplier tubes interacting with the
Nal(Tl) crystal. Kalish [14-16] rejected this theory, suggesting
that the high background was caused by afterglow from the Nal(Tl)
crystal. Kalish [14,17,18] also suggested that the best way to
solve the problem was to use BGO crystals instead. While the
afterglow from a Nal(Tl) crystal 3 ms after irradiation is 0.5-5%,
the afterglow from a BGO crystal 3 ms after irradiation is only
0.005% [19]. In 1992, Kalish convinced R.J. Valenta (Packard
Instrument Co.) to test the performance of an ALBEGA scintillation
spectrometer usi.ig a BGO crystal. It was found that the BGO crystal
did indeed solve the problem of high background in the tritium
window extremely well. Schematic cross-sections of the core of

IV - 10

the BGO ALBEGA spectrometer are shown in Fig. 1. The results obtained
by Valenta [20] in the measurement of tritium and C-14 with the
BGO ALBEGA scintillation spectrometer are given in Tables 1 - 3 .
Results obtained in the measurement of gamma-emitting samples are
given in Table 4. Spectra of 1-129, Co-57 and Cs-137 samples are
shown in Fig. 2.
Discussion
As indicated above, the main reason for selecting BGO was
its very low afterglow. When compared to Nal(Tl) , BGO has additional
advantages. It has a high absorption coefficient owing to the high
atomic number of bismuth (Z=83) and the high density of bismuth
germanate (7.13 gr/cm3) . The ratio of the total absorption
coefficient of BGO compared to Nal(Tl) is about 2.5, and the
photopeak efficiency of BGO is superior to that of Nal(Tl). These
features make BGO more efficient for counting of gamma-emitting
samples and as an anti-coincidence shield.
BGO is an inert nonhygroscopic crystal and therefore no sealing
of the crystal is needed. Nal(Tl), on the other hand, is highly
hygroscopic and must be hermetically sealed; when used with an
ALBEGA system, quartz tube sealing of the crystal's cavity is
essential. The latter not only makes the manufacture of the crystal
assembly more complicated and expensive, it also has a distinct
disadvantage in the counting of low-energy gamma-emitting samples,
such as samples of 1-125. As a result of the low-energy photons
emitted from 1-125 (28-35 keV), the counting efficiency is decreased
because of the absorption of photons in the quartz tube. The results
presented in Table 1 show:
(1) There is no loss in the counting efficiency of tritium with
a BGO ALBEGA system. From this observation it may be deduced that
there is no loss in the light intensity reaching the photomultiplier
tubes when a BGO crystal replaces the normal reflector used in
conventional liquid scintillation spectrometers. It should be noted
that this was also the case when Nal(Tl) crystals were used. When
Kalish, back in 1972, tried to convince several manufacturers of
liquid scintillation spectrometers to cooperate with him in the
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development of an ALBEGA spectrometer, his offer was rejected by
two of them (the others did not respond) . They explained that they
expected a large part of the intensity of the photons emitted from
the liquid scintillator to be absorbed by the Nal(Tl) crystal,
such that the counting efficiency of tritium would be very low.
They were wrong. Experiments with a Nal(Tl) ALBEGA system done
in 1973 by Kalish and Beta Research & Development [6], and later
also by Noakes and Spaulding [11] showed that there is no loss
in the counting efficiency of tritium. The results presented in
Table 1 indicate that there is also no such loss with BGO.
(2) The problem of the very high background in tritium counting
with the Nal(Tl) ALBEGA - more than 100 cpm - is well solved with
the BGO ALBEGA. The value obtained with BGO (9.47 cpm) is 41% lower
than that obtained with a normal reflector using a conventional
liquid scintillation spectrometer (16.2 cpm). The FOM (E2/B) with
BGO is 77% higher than with a normal reflector. Background in the
C-14 window is reduced by 15% - from 18.6 to 15.8 cpm - and the
FOM value is increased by 18%. It should be noted that these
measurements were made with the pulse-shape analyzer disabled.
The BGO in these measurements serves only as a light-pipe and not
as an anti-coincidence shield, and slow pulses caused by
interactions with the BGO are not discriminated. The reduction
of the background values is probably the result of rendering part
of the background pulses too large for the windows of tritium and
C-14.
The results presented in Table 2 were obtained with the pulseshape analyzer on. The windows, 1.0-12.5 keV for tritium and 14.597.5 keV for C-14, were used in order to maximize the figure of
merit values in low-level counting. Comparison of BGO with the
normal reflector indicated slight reduction (1%-1.5%) in counting
efficiency for both tritium and C-14 with BGO. The background in
the tritium window waF reduced from 5.46 to 2.83 cpm (48%) and
in the C-14 window, from 2.56 to 0.62 cpm (75%). The figure of
merit values for C-14 and tritium showed dramatic improvement,
from 1595 to 6300 (295%) for C-14, and from 544 to 1030 (89%) for
tritium.
Table 3 shows the results obtained in the measurement of a
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C-14 J . 5 ml benzene sample in a 7 ml glass vial with the BGO ALBEGA
system. The measurements were done with a pulse shape analyzer
on. The background is very low, only 0.227 cpm. The figure of merit
with the BGO ALBEGA is 18,624, almost a twofold improvement over
the value of 9520 reported in 1989 by Noakes and Valenta [21].
It should be noted that Noakes and Valenta obtained their value
with a Packard Tri-Carb TR/XL liquid scintillation spectrometer.
This spectrometer is actually an ALBEGA spectrometer, built in
accordance with Kalish's patents, but the Nal(Tl) crystal is replaced
by a slow plastic scintillator. Kalish never considered the use
of plastic scintillators with the ALBEGA system because of their
very low counting efficiencies in gamma-emitting samples and their
expected low effectiveness in anti-coincidence shielding. The E?/B
value obtained using a Packard Tri-Carb TR/LL spectrometer [21],
which does not use the ALBEGA concept, is 3844, whereas the value
obtained with the BGO ALBEGA — 18,624 — is more than 4.8 times
higher.
Table 4 shows the results obtained by Valenta [20] in the
measurement of 1-129, Co-57 and Cs-137 solid sources, and Fig.
2 shows the spectra of these sources. No liquid scintillator was
used, and the pulse-shape discriminator was disabled. Whereas an
18 ns coincidence resolving time was used during measurement of
beta emitters, a resolving time of 220 ns was used for gamma sources.
Better efficiency values, especially for 1-129, might be obtained
if noncoincident pulses were not rejected. As shown in Fig. 2,
the energy resolution values with BGO are inferior to those obtained
with Nal(Tl) because of the relatively lower light output of BGO;
on the other hand, the photopeak fractions with BGO are superior
to those with Nal(Tl).
Samples of PO-210/C1-36 (alpha/beta) and Po-210/Cl-36/Cs-137
(aipha/beta/gamma) mixures were measured by Valenta [20] and these
measurements demonstrated the electronics ability of the BGO ALBEGA
system to correctly sort different types of radiations.
Kalish now suggests a way to render the BGO ALBEGA spectrometer
suitable for ultralow-level counting of radioisotopes that
coincidently emit beta-gamma (e.g., 1-129), beta-gamma-gamma (e.g.
Co-60 and positron emitters) , alpha-gamma (e.g., U-235) , or alpha-
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gamma-gamma rays (e.g., Am-241). With this procedure, a sample
containing a radioisotope that simultaneously emits a beta particle
and a gamma photon is dissolved in a liquid scintillator. The beta
particle interacts with the liquid scintillator and the gamma photon
interacts with the BGO crystal. Each of the output pulses of the
photomultiplier tubes is comprised of two components: a fast one,
caused by the interaction with the liquid scintillator; and a slow
one, caused by the interaction with the BGO. By analyzing the shape
of the pulse with a suitable pulse-shape analyzer, the sizes of
the fast and slow components may be determined. Only when these
components are of the right size, is a pulse recorded. This, in
a way, is a beta-gamma coincidence measurement. The probability
for a background event to interact with both the liquid scintillator
and the BGO such that the energy absorbed in the liquid scintillator
would be within the right beta window and simultaneously the energy
absorbed in the BGO would be within the right gamma window is
expected to be very low. The same procedure may be used with alphagamma emitters. With a positron emitter, for example, the pulse
output of each photomultiplier tube is resolved into its fast and
slow components. The two fast components are added, and only when
this summed pulse is within the beta window and is in triple
coincidence with 0.51 MeV slow-component pulses from gamma
interactions with the BGO, is a signal recorded. Again, the
probability of such triple coincidence as a result of a background
interaction is extremely low. Background levels with these procedures
are expected to be less than 1 count per day.
Summary
The BGO ALBEGA spectrometer can measure samples of alphabeta- and gamma-emitting radioisotopes. Gamma-emitting samples
can be measured with or without a liquid scintillator. The figure
of merit values for tritium and C-14 are superior to those of
conventional liquid scintillation spectrometers. The author expects
that BGO ALBEGA spectrometers will in future replace conventional
gamma and liquid scintillation spectrometers.
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Beta Counting Performance - Normal Count Mode*

Table 1.

BGO Detector
Eff.
BG FOM
(cpm) (E2/B)

Samples**

Window
(keV)

Normal Reflector
Eff.
BG FOM
(%) (cpm) (E2/B)

H-3
C-14

1-18.6
4-156

64.,6 16.2 258 65.8
94.. 0 18.6 475 94.1

*
**

Sample**
H-3
C-14

Beta Counting Performance - Low Level Count Mode*
Window
(keV)

Normal Reflector
Eff.
BG FOM
(%) (cpm) (E2/B)

1-12.5
54..5
14.5-97.E) 63..9

544 54.0
159563.0

2.83 1030
0.63 6300

Beta Counting Mode - BGO D e t e c t o r - Benzene Sample
Window (keV)

C-14

14.5-97.5

Eff. (%)

BG (cpm)

65.02

0.227

FOM (E 2 /B)
18,624

Pulse shape analyzer on; 3.5 ml benzene sample in a 7 ml low '°K glass vial.

Table 4.
Sample**
1-129
Co-57
Cs-137
*
**

5.46
2.56

BGO Detector
Eff.
BG FOM
(%) (cpm) (E2/B)

Pulse-shape analyzer on.
10 ml PPO/dimethyl POPOP oxygen-quenched toluene cocktail
in 20 ml borosilicate glass flame-sealed ampoule.

Table 3 .

*

457
560

Pulse-shape analyzer disabled.
10 ml PPO/dimethyl POPOP argon purged toluene cocktail in
20 ml borosilicate glass flame-sealed ampoule.

Table 2.

*
**

9.47
15.8

Gamma Counting Performance - BGO Detector*
Window (Channel)
7-70
68-220
640-1150

Eff. (%)
35. 0
73. 4
29. 8

Pulse-shape analyzer disabled.
Solid sources with no liquid scintillator.

BG (cpm) Res. (%)
14.0
37.2
43.4

63. 5
32. 4
21. 6

Fig. l:

Schematic Cross-sectional vievs of the Core
of the 3G0 AL3EGA Scinriiiai. ion ïpecrrometer
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Fig. 2. Gamma Spectra of 1-129, Co-57 ana Cs-137
- With the BGO ALBEGA Spectrometer

IV - 19

INVESTIGATION OF A PRACTICAL METHOD OF OUTPUT
FACTOR DETERMINATION FOR SMALL AND IRREGULAR
ELECTRON BEAMS.

Haquin G., %aerman S., ^Krutman Y. and *Kushilevski A.
Department of Nuclear Engineering Ben Gurion University,Beer Sheva, Israel.
^Department of Oncology, Soroka Medical Center and Faculty of Health Science Ben Gurion
University, Beer Sheva, Israel.

Introduction:
Many situations occur in radiotherapy where irradiation of irregularly shaped electron fields or
fields not in the central axis is required, as for example in head and neck tumors, apex of the
lung in certain breast treatments and several types of superfitial tumors.
The clinical dosimetry of these small and irregular electron beams remains a difficult problem
despite several empirical and analytical models developed in recent years*1'2- 3\ The present
work is the first part of an extensive research that try to give a complete solution to the
problem of output factor calculation for the above mentioned fields.
A practical method based on the calculation of an equivalent square field, in terms of range
parameters derived from the PDD curve, for output factor calculation of small and irregular
fields is proposed.
In order to shorten the dosimetry procedure, film dosimetry was used.

Materials and methods:
The measurements were performed using a Varian Clinac 18 linear accelerator with 6, 9, 12,
15 and 18 MeV electron beams. Two standard applicators (6*6 and 15*15 cm^) were used,
and several blocked square and irregular fields were obtained using cerrobend blocks mounted
on the edge of the standard applicator.
Profile, symmetry and flatness measurements for all the square and irregular fields involved,
were performed with a diode detector in a water phantom (RFA 300 - Scanditronix).
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Percentage depth dose and output factor of the above mentioned fields were obtained with a
parallel plate ion chamber (Model 2534 - Markus - N.E.).
Film dosimetry (X- Omat TL - Kodak) was employed in order to determine the range
parameters (R50 and Rg5> that will be compared to those obtained with the ion chamber and
then be assigned to an equivalent square field with the same output factor.

Results:
Extensive measurement of PDD, and output factor of square and irregular fields were
performed with the ion chamber.
It is well known(4> that the output factor dependence on field size (FS) of square fields, follows
a polynomial of the type

OF = a 0 + a i / F S + a 2 / ( F S ) 2

(1)

where the coefficients ao, a] and a 2 depends on the applicator size and nominal electron
energy.
The following table shows the coefficient of equation 1 measured for small square fields, for
applicator 6 cm x 6 cm.

Energy

ao

*1

6MeV

1.192

-0.495

-0.175

9MeV

1.335

-0.925

0.267

12MeV

1 022

-0.243

0

15MeV

1.070

•0.192

0

18MeV

1.122

-0.139

0

*2

The measured output factors for the smallest fields are subjected to a bigger uncertainty due to
the non-flatness of the central part of the profiles of these fields.
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PDD of the irregular fields were measured with film dosimetry and agreement was found
between range parameters (R50 and Rg5) obtained with film dosimetry and ion chamber
dosimetry. The accuracy between the range parameters lies between 0.5% to 4%(5>. This
accuracy justify the combination of film dosimetry measurements with

result of range

parameters and output factor achieved with ion chamber.

Conclusion:
The results of this investigation are applicable only to the specific linear accelerator where the
measurement were performed.
Our proposed approach, as oppose to others methods, consider the irregular shape of the field
as well fields that are not in the central axis. For rectangular fields the proposed method shows
consistency with another methods*1-2-3) for output factor calculation.
The advantage of the method lies on the simplicity and swiftness of the measurement involved
and the consideration of the shape of the field.
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Transient focal alopecia following radiosurgery
Roberto SpiegelmanrvMD, Jana Gofman,MSc, Aharon Gezin, MD
Department of Neurosurgery (RS),and Institute of Radiation Oncology (JG, AG),
The Chaim Sheba Medical Center, Tel Hashomer, Israel

Radiosurgery is currently employed for the management of a variety of
neurosurgical pathologies, including cerebral arteriovenous malformations, small
benign intracranial tumors such as meningioma and acoustic schwannoma, and selected
malignant tumors such as metastases. Radiosurgery represents an effective treatment
alternative whenever direct surgical intervention is felt to be contraindicated (2).
Complications of radiosurgery are reportedly infrequent (8) and typically related
to radiation injury of brain tissue or cranial nerves surrounding the target. For the most
part, these side effects take place months to years after treatment. Acute side effects of
radiosurgery include seizures, vomiting and headaches (3).
Alopecia is a frequent complication of fractionated radiation to the skull (7), but
has only once been reported with radiosurgery(3). We experienced this complication in
one of 35 patients in our series.
CASE REPORT
This 37-year-old otherwise healthy white female complained of frequent
headaches. A CT scan revealed an enhancing lesion with no mass effect in the left
frontoparietal region. MRI was compatible with an arteriovenous malformation. The
patient was referred for radiosurgery. No pathological findings were found on clinical
examination.
At stereotactic angiography, the malformative nidus had a maximal diameter of 25
mm elongated at a 45° angle with the sagittal plane . A dose of 1700 cGy was
prescribed to the 85% isodose line of a 25 mm cylindrical collimator which
comprehended the entire malformative nidus. Four 100° span parasagittal arcs spaced at
10° intervals were used to better shape the high isodose distribution to the nidus
geometry. The arc that best followed the major axis of the nidus was heavily weighted.
The computed generated isodose distribution showed that less than 400 to a maximum
of 500 cGy would be delivered to the scalp intersecting the arc's trajectory. Irradiation
was delivered according to the plan. The patient was discharged home a few minutes
after irradiation was completed.
In the following days she was under great stress to complete a degree
examination.
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Twenty days thereafter the patient came back to consultation. Three days before,
she had noticed that hair from the top of her scalp was being pulled off while brushing.
A discrete area of complete alopecia gradually developed. On examination the patient
was anxious, but otherwise normal. The bald area was 7 cm long in the anteriorposterior axis. 2.5 cm wide, and slightly to the right of the skull midlinc. The skin
looked slightly erythematous. without edema or atrophy. Hair would still detach at light
pull, but much less intensely than during the previous 3 days. No specific treatment
was initiated aside from reassurance on that the phenomenon was most probably self
limited and reversible.
On follow-up two months later, hair regrowth was observed in all the epilated
area.
The patient's treatment protocol was immediately reviewed. The stereolactic frame
u as then mounted to an anthropomorphic phantom reproducing as exactly as possible
(he positioning achieved for the patient's treatment, using the computer generated
sagittal reconstructions of her stereolactic ( T as guideline. The distance between the
radiation isoeenlerand I he skin ;it the top ol it (36 mm) was measured on the computer
display. The phantom was siereouclicalk positioned at the isocentcr of our modified
I .INAC (Clin.ic 600C; Varian Associates. Palo A!lo, California), according to the
spatial coordinates obtained from the original treatment planning. The vertical
coordinate was minimally adjusted so that the top of the phantom surface was at 36 mm
from the isocenter. A 25 mm eollimator was mounted to the Winston-Lutz-type
slereotactic collimalor holder (4). The gantry's light field was used to delineate the
beam trajectory across the 4 noncoplanar arcs, on the phantom's surface. Three
calibrated diode detectors (model 30-493. NucleaiAssociales. Vicloreen. Inc. New
York) were taped to the phantom's surface at the posterior, middle and anterior points
ol I he beam trajectory. in the area of maximum arc overlap as judged by the surface
projection of ihe collimator's light fieid. I lie phantom was then irradiated using the
same parameters of the patient's actual treatment. The measured absorbed dose ranged
from 370 to 500 c(iy. The lower dose corresponded to the arcs' start and end points,
w hile the higher dose was measured at the middle of the arcs span. The measured and
the computer generated isodose distribution matched tightk.

DISCUSSION
Alopecia is a frequent compl ication of brain radiation. This complication may be
reversible or permanent according It) the accumulated total dose.
The minimal single radiation dose required for the occurrence of alopecia is
somewhat uncerlain. since single dose radiation is nowadays almost exclusively the
realm of radiosurgen.
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Dala on single dose radiation to the scalp is available from the large experience
accumulated in (he treatment of scalp fungi during the I93()'s through 195()'s, before
the introduction of antimycotic agents. At that time, irradiation represented a popular
and effective mean to cure this infectious skin disease. I Ising orthovoltage radiation
equipment, photon beam irradiation was delivered to the whole scalp using the 5 point
Kienbock - Adamson method. It was then slated that "the average amount of radiation
required to produce I(X)% epilation was a little over 300 R as measured by the
Victoreen meter" (5). As for safely margins, it was said that "permanent alopecia...
nev er resulted from a dose of 300 R. (kcasionally, the hair will fall after an application
of 225 R. In some instances epilation will not be effected by a dose of 300 R. It
probabk requires 500 R or more to effect permanent alopecia." (5).
Taking in consideration a conversion factor (f factor) of 0.95 for the energy
ranges used, as well as a backscaltering factor (BSK) of 1.2 for standard field size, we
assume a correction factor of 1.14 to 1.17 for converting the expressed dose in
Roentgen units to centigrams (c(i\) (<S). Consequently the recommended epilation dose
of 300 l\ would be equivalent to340-350c(i\. and the critical threshold of "500 R or
num.1" for permanent alopecia would be equivalent to 570-585 c(iy. Other have stated
that "lemporan epilalion with regrowth of hair was achieved |\\ith a dose of| 700
c(!\." ( T )
Transient alopecia follow ing radiosurgen has been described only once by
1 .oeffler et al. (3). This complication took place in a patient who received 400 c(i\ to
(he scalp. Alopecia did nol occur in llie remaining 43 of their patients who received
from less than 5 to I75c<i\ to the scalp.
In our own series of 55 patients alopecia did not lake place in any other case,
rive patients in addition lo the one w ho is subject ol this report received between 400 to
57() c>;\ to the skin. Three ol'lhem are bald. The other two (irradiated with a skin dose
of 4"7() 570c(i\) have not develop alopecv during a followup period of 7 and 8 months
respectively
From the preceding observations il might be concluded that transient alopecia is a
potential complication of siereotactic radiosurgen. whenever a dose of >400e(i\ is
delivered lo the scalp. Il is unclear w h\ ihe epilating response has not occurred in other
patients receiv ing similar doses. Hmolional stress is accepted as a precipitating factor
for alopecia areala (1). and vv as certainly present in our patient before and immediately
alter radiosurger\.
Avoidance of this relatively minor but bothersome complication should be
possible by careful anah sis of computer calculated doses at skin level. We would
suggest that w hen a treatment plan results in > 350 c(iy delivered lo the scalp, every
effort be made to reduce the skin exposure by modification of the arc settings, including
w eight, span, number of arcs, and/or their spatial distribution. In the rare case where
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such a high dose to the skin is unavoidable in order to assure precise coverage of the
treatment volume, the risk of transient focal alopecia should be discussed with the
patient.
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THYROID STATUS OF CHILDREN IMMIGRATING TO ISRAEL
FROM THE VICINITY OF CHERNOBYL
QUASTEL, MR, GOLDSMITH JR, WYNBERG J, POLLIAK S, LEVY Y,
KORDYSH E, ABRAHAMS C, MIRKIN L, AND GOLAN, C
Institute of Nuclear Medicine and Epidemiology Unit, Soroka
Hospital Medical Center and the Faculty of -Health Sciences,
Ben Gurion University of the Negev, POB 473, Beer Sheva
ABSTRACT
BACKGROUND
The area surrounding the Chernobyl plant is generally recognized as a goitrogenous area, in the sense that soils and water
are deficient in Iodine, and the incidence of qoitre is relatively high. These conditions assure the avid uptake of an iodine as
a pollutant, if and when present. The Chernobyl explosion and
fire
is estimated to have released 1.8xlOE18 Bq of Iodine 131
and 3.7xlOE18 Bq Iodine 133, together acounting for a large portion of the total radioactive emissions (US Department of Energy,
Table
4.3, p. 4.15 in "Health and Environmental Consequences of
the Chernobyl Nuclear Power Plant Accident DOE/ ER-0322, June
1987).
Uptake was measured in the thyroid qlands of many of
those exposed. Within the past three years, the frequency of
cancer of the thyroid in children in the Ukraine, Belarus and in
the Bryansk Region of the Russian Federation
has risen rapidly,
from less than one case per 100,000 per year in Belorus to over
10 cases in 1991, per 100,000 per year. In respect to the unusual exposures and risks, this report describes what studies we
have done among Jewish immigrants from the areas and what our
findings seem to mean.
INITIAL EVALUATION, AUTUMN 1991
Thanks to the availability of a whole body counting Unit and
Staff provided by the Canadian Department of Health and Welfare,
we had a chance to examine about 1200 men, women and children in
the Fall of 1991. Durinq that time, we recognized
that the
occurrence
of qoiter (enlarqed thyroid gland) was more
frequent
than that expected of Israeli populations. We then organized a
special effort to evaluate thyroid status in all children we
could get to come in for the foliowinq summer.
TESTS DONE
SUMMER 199 2

FOR EVALUATION OF THE THYROID

STATUS

IN

CHILDREN,

We used a questionnaire concerning symptoms of thyroid
dysfunction, post-explosion dietary intake, personal and
family
history of thyroid disease and of autoimmune disease. By place
of residence we divided the population into former residents from
areas with increased ground level concentrations of 137 Cs and
from areas without such increases. (Called more exposed ME, and
Less Exposed LE)
We examined the thyroid gland, tendon reflexes, orbit, skin
moisture, tremor, heart rate and cardiac auscultation.

IV - 27

We tested Serum Total T4, TSH, Thyroid Microsomal
(TMAb) and Thyroqlobulin Antibody (TqAb)

Antibody

NUMBERS OF CHILDREN EVALUATED
262 children were qiven laboratory tests for thyroid status,
of whom a random 199 were evaluated for microsomal antibodies.
Examination of children continued after the summer of 1992 and
altoqether 309 have been examined, of whom 156 were from ME areas
and 153 from LE areas. Gomel was the main city in the ME area,
and Kiev in the LE area.
RESULTS
Altoqether about 40% of the children had enlarqed thyroid,
and no difference was observed according to residence in areas
more or less exposed. (Figure 1) However, the 7.7% prevalence of
nodularity of the qland in the children from ME areas was greater
than the 5.5% for those from the LE areas. A City Factor seems
to be present in that the incidence of nodularity in children
from Gomel was 6.9%, compared to Kiev at 2.9%.
Autoantibodies were infrequent , with 3/199 having TMAb
greater than 1:160 dilution and ;none out of 199 had TqAb qreater
than 1:1600. The autoantibody rate at these dilutions which Is
considered normal is 1.2%. All of the measured thyroid function
tests fell within normal limits.
However, when TSH results were separately analyzed by gender
and age 14 or greater, versus less than 14 years of age, we
observed that the 19 older qirls from the LE areas had less TSH
than the 12 older girls from the ME area. The differences were
siqnificant by siqn test, but not by "f'test.
Nonsignificant
differences of the same type were found for older boys.
These
findinqs are consistent with minor and subtle damage to the
thyroid in more exposed prepubertal children. The striking finding in Table I, of course is the low TSH values found among postpubertal girls, compared to prepubertal girls and boys of both
age groups.
We are curently evaluating the use of microwave versus
physical evaluation of thyroid qland size and nodularity. So far
we have no evidence that microwave examination is more sensitive
or valid than physical examination, using a small number of
trained examiners. The work is continuing.
We have found one qirl with a thyroid cancer, treated with
apparent success.
EVALUATION
Because of the low prevalence of thyroid cancer, even at the
increased rates found in Belorus, screeninq programs for the
condition cannot be justified. We do feel that finding and
followinq with regular evaluations the 23 cases of thyroid nodularity is a constructive use of health care serices.

TABLE

I

THYROID STIMULATING HORMONE (TSH) AMONG IMMIGRATING
BOYS AND GIRLS OF TWO AGE GROUPS AND ACCORDING TO
GROUND LEVEL 137CS POLLUTION FROM CHERNOBYL
AT THE PLACE OF RESIDENCE BEFORE IMMIGRATION
GIRLS 14 +

BOYS 14 +

BOYS <14

GIRLS <14

FROM:
MORE EXPOSED
AREAS
N
MEAN
Std.Dev.

0.,88

0. 921*
0. 53

14
1 .65
0 .71

20
1. 42
0. 76

13
1..47
0. 463

19
0. 789*
0. 551

11
1 .77
0 .702

19
I-I

LESS EXPOSED
AREAS
N
MEAN
Std. Dev.

12

6
1..38

46
0. 805

* Siqnificantly d i f f e r e n t , p < 0 . 05 by siqn test. but not
by "t" test.

THYROID CHANGES IN CHILDREN: BY . .
RESIDENCE NEAR CHERNOBYL
FnEQUENCY [%)
50

40

30-

20-

10-

NODULES

ENLARGED

THYROID CHANGES
I MORE EXPOSED
AREA
N - 156
<" a

C H LESS EXPOSED
AREA
N-153
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RADIONUCLIDE ANGIOGRAPHY FOR THE ASSESSMENT OF
PULMONARY PULSATILE BLOOD VOLUME CHANGES
David Schechter, Yona Mahler, *Meir Nitzan and Roland Chisin
Hadassah Medical Center, Ein Kerem, Jerusalem
and
*Jerusalem College of Technology

During cardiac systole, the cardiac stroke volume increases the blood
volume in the lungs. The pulmonary systolic blood volume increase (SBVI)
is lower than the stroke volume since some blood flows from the lungs into
the left atrium during the systolic period. The relative pulmonary SBVI,
which is the ratio of pulmonary SBVF to the stroke volume, was measured in
patients using ECG gated radionuclide image analysis.
The pulmonary radionuclide method for the measurement of the relative
SBVI has been previously described (1). 99my c _| a b e ]] e( j r e ( j blood cells
were injected intravenously into the patients blood pool and dynamic
anterior view images of the chest were obtained while the patient lay in the
supine position, using an Elscint Gamma camera. Using ECG R-wave
gating, I he cardiac cycle of each subject was divided into either 16 or 24
lime sections, providing 16 or 24 frames which exhibit the blood volume
changes during the cardiac cycle.
In order to compare the pulmonary SBVI values with the ventricular stroke
volume, the regions of interest (ROIs) of the two lungs and the left ventricle
(LV) were used. The LV RO1 was preferred to the right ventricle ROI due
to a more accurate border determinalion in the anterior view. The use of the
LV instead of the right ventricle is acceptable since the average output of the
two ventricles is nearly equal, apart from a small (1-2%) contribution from
the bronchial circulation.
For each ROI, the total number of emitted radiation counts was plotted as a
function of the frame number, i.e. time during the cardiac cycle. During the
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syslolic period the blood content decreases in the ventricles and increases in
the lungs, so that, during an average cardiac cycle, the total number of
counts from the lung ROI change in opposite phase to the total number of
counts from the LV ROI, as can be seen in Figure 1. The first frame
represents the chest image at end-diastole (as determined by the ECG Rwave) and for each ROI the counts value at the first frame was taken as the
end diasfolic value. The lowest counts value in the LV ROI and the highest
value in the lung ROIs were used to determine the radiation counts
difference between systole and diastole in the LV and in the lungs. The
difference in radiation counts between diastole and systole in the LV,
represents the stroke volume of the LV, and that differences between systole
and diastole in the right and left lungs represent the right and left pulmonary
blood volume increase during systole, respectively. The ratio of the
maximal pulmonary blood volume increase during systole to the maximal
LV blood volume decrease during systole was taken as the relative
pulmonary SBVI. (See Fig. I)

Figure 1: The total
radiation counts in
the three ROIs;
the LV, the right
lung (RL) and the
left lung(LL),
as a function of
the frame number.
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The average relative pulmonary SBVI was 0.58+0.15, and the range was
0.26 - 0.85, in agreement with values obtained by means of other methods
(which cannot be used clinically). The relative SBVI depends on the stroke
volume of the patient and his age, as can be shown in Figures 2 and 3. The
results indicate that the relative pulmonary SBVI depends on the elasticity of
(he pulmonary vasculature. The decrease of SBVI for older patients is
atiribuled to the increased rigidity of blood vessels in older subjects. The
decrease of SBVI for higher stroke volume is probably due to higher tension
of the blood vessels' walls when higher amounts of blood are accumulated
inside them.
The correlation cofficients between the SBVI and the age or stroke volume
were not high, indicating (hat the elasticity of the patients pulmonary vessels
is determined mainly by oilier individual factors. The radionuclide blood
volume measurement is therefore a potential method for qualitative
assessment of pulmonary arterial elasticity.
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Reactivity Effects from Voiding the Fuel and Control Channels in
RBMK as computed by a Detailed 3-D Model 1
D. Saphier 2
Soreq Nuclear Research Centre

Introduction
The RBMK core has a high degree of asymmetry, both, in its geometry and burn up.
For a sufficiently accurate calculation a full scale 3-D model has to be used, for the
Chernobyl-3 reactor. The conditions evaluated included voiding the core and voiding
the control channels. The major conclusion from the study is that the reactivity from
voiding the control channels is much larger than voiding the entire core fuel channels.
Since the core fuel channel voiding accident is much more probable and much faster
than voiding the control channels, improvement were introduced into the reactor by
adding additional full length absorbers and increasing the fuel enrichment. These
improvement reduce significantly the reactivity contribution from the core voiding.

The Calculation Model
The computational model for the RBMK included three elements. The computer
code, a set of two group cross sections, and the input data describing a specific
reactor. All of these had to be verified by being capable of reproducing experimental
results.
The computer code was the QUBOX/CUBOX-HYCA (QCH) [2], This code uses
a coarse mesh nodal technique [3] to solve the 3-D diffusion equation, and uses a
multichannel flow approximation to resolve the core thermal hydraulics. The cross
sections were computed with the WIMS-D [4] code for the 14 different types of
latices identified in the RBMK, including 2% and 2.4% fuel enrichment the various
absorber, follower, and water latices, and the graphite reflector. All the latices were
calculated with and without water to permit LOCA simulation. A set of detailed
data describing the Chernobyl-3 critical experiment were used in the modelling.
The verification of the computational model included the reproduction of the
Chernobyl 3 cold critical experiment. This experiment was performed in Chernobyl
1

Paper submitted to the 18th INS Meeting, Tel-Aviv, November 1994 (papl73ab.2)
presently at CEA Saclay, France
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on unit 3. After a sufficiently long cooling period, the reactor was brought to
criticality, by removing the appropriate control rods. During these experiments it
was possible to measure for the first time the reactivity values during loss of coolant
from the main coolant loop, MCC, and loss of coolant from the control rod coolant
channels, CRCC. The critical experimental conditions were defined as follows.
1. MCC and CRCC are flooded; criticality is achieved by fully withdrawing 114
CR.
2. MCC are voided, CRCC are flooded and 84 control rods are fully withdrawn
to achieve critical conditions.
3. MCC are flooded, CRCC are Voided and 62 CR are fully withdrawn to achieve
critical conditions.

Results of the Evaluation
The results of the calculations for cases 1, 2, and 3. are presented in table 1. The
second row in the table, 1', shows the value of K e // with all rods inserted. This is
the ultimate shutdown margin of the Chernobyl core as known at the time of the
cold critical experiment and is equal to about $10.
Voiding the CRCC produces a positive reactivity of 3.05% or about $5. Voiding
the fuel channels produces a positive reactivity of 1.27% or about $2.
Case
1
1'
2
3

Water in
MCC CRCC

+
+
+
-

+
+
+

Control
manual
114 out
ARI
114 out
114 out

rod position
Fast partial
ARI
ARI
ARI
ARI
ARI
ARI
ARI
ARI

k

«//
0.99954
0.93873
1.0305
1.01272

Ak
0

-6.13
+3.05
+ 1.272

Table 1: Chernobyl-3 Cold critical experiment calculations
The calculations with the QCH code compare well with experiments and experimental positions of the control rods if a value of $0.1 is assigned to each control
rod.
Following the verification of the calculational model by comparison to the cold
critical experiment the evaluation of the hot zero power (HZP) was performed. A
minor modification was introduced into the code [1] to permit correct Xe distribution
at the reactor HZP conditions. The calculational model was updated to represent
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the Chernobyl-3 core at HZP. After properly adjusting the control rod, the HZP
keff was 1.00006 as shown in table 2.
Case

Water in
MCC CRCC

5.1

5.2
5.3
5.4

+
+
-

+
+
-

Control rod position
manual Fast partial
21 in
ARO ARO
21 in
ARO ARO
21 in
ARO ARO
ARo
ARO
21 in

1.00006
1.01475
1.02427
1.03833

Ak
0
1.475
2.427
3.833

Table 2: Void reactivity values for the Chernobyl-3 RBMK under HZP conditions
As can be observed from the table, voiding the control channels produces a
positive reactivity of 2.427% or about $4. Voiding the fuel channels produces a
positive reactivity of 1.475%, or 2-3 $s. It should be noted that due to insufficient
information in the course of these calculations the additional absorbers (AA) were
not voided with the fuel. Voiding them in the future with the fuel channel (they
are part of the main coolant system since they are replacing fuel rods to reduce the
void coefficient) will modify the above numbers. Voiding the A A channels produces
a negative effect of about 0.5%. Consequently, voiding the fuel channels produces
only about $1 of positive reactivity, while voiding the control rod channels produces
about $5 of reactivity under HZP conditions. Under full power, the initial coolant
density in the fuel channel is much lower, and therefore a positive void reactivity of
less than $1 can be expected.

Conclusions
The preliminary conclusions from the above calculations indicate that the reactivity
contribution from voiding the core is rather small and can be easily further reduced
by adding additional absorbers and increasing the enrichment from 2% to 2.4%.
However, there is a large positive reactivity contribution when the control channels
are voided. This conclusion is based on relatively "old" Chernobyl configuration and
control rod design. Recent improvements, more 2.4% enriched fuel assemblies and
more full length absorbers in the Smolensk-3 reactor, for example, have improved
the situation, as indicated.
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THE AXIAL DISTRIBUTION OF REACTIVITY COEFFICIENTS
A.D. Krumbein, M. Shapira and M. Caner
Propulsion Physics Laboratory
Soreq Nuclear Research Center
Yavne 81800
Israel

ABSTRACT
The purpose of the present work is to investigate the correlation of the axial distributions of
the different reactivity coefficients with the neutron flux and the neutron flux squared.
Calculations were carried out for the Zion Unit 2 PWR. Reactivity coefficients, forward fluxes
and adjoint fluxes were all computed and correlations obtained. The core length was divided into
7 axial regions in order to obtain the effect on reactivity in the reactor as a whole of changing the
cross sections in each axial region in turn. The parameters chosen for change were coolant density,
coolant temperature and fuel temperature.
The results appear to bear out our original hypothesis that the reactivity coefficient profiles
have a higher positive correlation with the total flux squared profile than with the linear flux profile.

1

Introduction

The results of thermohydraulic calculations give the fuel and moderator temperature distributions
and the moderator density distributions in the reactor core. The fuel temperature changes affect
the fuel effective resonance absorption cross sections through Doppler broadening. The moderator
temperature changes and the subsequent density changes affect the neutron thermalization and the
resulting neutron energy spectrum.
In the calculation of transient and accident analyses it is necessary to know the temperature
and density coefficients of reactivity which should provide a negative feedback to fuel temperature
increases and moderator density decreases. Because of the temperature and moderator density
profiles, particularly in the axial direction, it is necessary to know the reactivity coefficients in the
different reactor regions.
For certain reactors, the temperature and moderator density profiles can affect significantly the
reactor behaviour during reactivity transients without scram. The purpose of the present work is
to investigate the correlation of the axial distributions of the different reactivity coefficients with
the neutron flux and the neutron flux squared.
The effect that changing the cross sections in a portion of a reactor (here an axial region) has
on the reactivity of the reactor as a whole, is related to the statistical weight of that region. The
statistical weight of a region R of a large bare reactor of volume V is given by [1] as:

This shows that the effect is correlated to the square of the neutron flux in that region.
A derivation of this formula is given in [2] where it is also stated that although the formula is
actually proved by the authors for the case of a small absorber in a given region, it works quite well
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for temperature coefficient effects in a reactor running at power. The above formula is essentially
derived for a single thermal energy group, as pointed out in [3], where the forward flux is equal
to the adjoint flux. For two groups, i.e. a fast group and a thermal group, o2 is actually o x o".
where o* is the adjoint flux and is related to the importance function. However, as also pointed out
in [3]. the statistical-weight theory for a multigroup model is very similar to that for the one-group
or all-thermal model except that the integrals over the reactor have to be replaced by sums of such
integrals, one for each group. Therefore, it would seem, that if the adjoint fluxes are close to the
forward ones, one would be justified in using 4>2 in the formula.
To test the above hypothesis, calculations were carried out for an existing PWR. Reactivity
coefficients, forward fluxes and adjoint fluxes were all computed and correlations obtained. The
details and the results are given in the following sections.

2

Calculations

2.1

Reactor Model

The reactor model chosen for the calculations was the Zion Unit 2 PWR[4] which has been fairly
extensively analyzed at Soreq. The total heat output of this reactor is 3250 MW and the core
contains 193 fuel assemblies with a 15x15 fuel pin matrix. The fuel is UOo with three different
enrichments, namely 2.248, 2.789 and 3.293 weight %. The fuel cladding is zircalloy and the coolant
is water at an inlet temperature of 277 °C . The calculations were performed for the hot, full power,
Xe and Sm equilibrium case.
2.1.1

Calculational Model

For the purposes of the calculation a quarter-core, R-Z geometry (2-D) model was chosen. In the
Z direction, however, the full core length was used. For the base case the water temperature was
taken to be 288 °C and its density 0.747 g/cm3. The WIMS-D/4 program was used to calculate
the cross sections and the EXTERMINATOR-2 two dimensional diffusion code to calculate \s.efj
and the fluxes. Four neutron energy groups were used to cover the region from 10 MeV to 0. The
highest group covers the range from 10 MeV to 821 keV, the second goes from 821 keV to 9118 eV,
the third from 9118 eV to 0.625 eV and the fourth goes from 0.625 eV to 0.
The 48\ fuel assemblies in the quarter-core were homogenized into 7 radial regions, each with
its own average enrichment and boron number density, the latter being proportional to the number
of burnable poison rods in that region. It was found that the first five fuel regions had average
enrichment values so close to each other that one average enrichment, namely 2.329 weight % could
be used for all. However, each region had a different boron number density. The sixth fuel region
was taken to have an average enrichment of 2.726 weight %, while the average enrichment of the
seventh fuel region was set at 2.984 weight %. The core length was taken as 364.24 cm and its
radius as 168.6 cm. The core has top and bottom reflectors 25.4 cm in length and a side reflector
38.1 cm in radius. The reflector material is composed of water and steel. An axial buckling of
6.17x10"' cm~2 was used.
2.2

Reactivity Coefficients

The core length is divided into 7 axial regions in order to obtain the effect on reactivity in the
reactor as a whole of changing the cross sections in each axial region in turn. The parameters
chosen for change (the change, of course, being reflected in changes in macroscopic cross sections)
were: coolant density, coolant temperature, and fuel temperature. From the calculational results.
reactivity coefficients could be computed and the effects of changes in each axial region on the
reactor as a whole were obtained. For the purposes of the present study the following changes were
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made: a 10% reduction in coolant density, a 100 °C increase in coolant temperature, and a 300 °C
increase in fuel temperature.
2.3

R e a c t o r Codes Used

The cross sections were calculated using the WIMS-D/4 program. WIMS is a general code for reactor lattice cell calculations on a wide range of reactor systems. It contains its own 69 group library of
microscopic cross sections and uses transport theory in its one-dimensional cell calculations. WIMS
produces macroscopic cross sections for use in the 2-D diffusion reactor code EXTERMINATOR-2.
EXTERMINATOR-2 [5] is a program for solving multigroup neutron diffusion equations in two
dimensions, i.e. X-Y. R-Z and R-0. It has been used extensively at Soreq and several new options
have been added to it.
2.4

Flux and Coefficient Results

The neutron flaxes of interest were obtained from the base case, i.e. no changes made in the original
cross sections. For this case key_f = 1.0013. The fluxes in each of the 7 axial regions were summed
and the ratio of the flux in each region to the sum was computed. The squares of the fluxes in each
axial region was likewise calculated and the ratio to the sum of the squares was again obtained for
each region. These two sets of fractions were then plotted as functions of the midpoints of each
axial region. The above calculations had been done for each energy group separately as well as for
their sum. However, since the ratio results were fairly identical only the total fluxes were plotted.
The temperature and density coefficients were each likewise summed and fractions obtained for
the concomitant effect resulting from the requisite changes made in each axial region in turn. The
three sets of values obtained were then plotted in the same manner and on the same graph as the
flux results (see Fig. 1).
In order to determine if the use of 0~ rather than o x o " was justified in this case, a separate
analysis was required since the code calculates the adjoint fluxes only at mesh points and not, as
in the case of the forward flux, averaged over regions as well. Therefore, a point was selected in the
R direction somewhere in the center of the reactor, and the forward and adjoint fluxes obtained for
points approximately in the center of each of the 7 axial regions used in the previous calculations.
With these fluxes the same ratios were obtained as previously but now for 4>, d2 and o x <z>". The
three sets of fractions were then plotted as a function of their axial position (see Fig. 2). Once
again, the results for each energy group separately were fairly similar to those of the total fluxes
and so only the total flux results were plotted.

3

Conclusion

The results as shown in Fig. 1 appear to bear out our original hypothesis namely, that the reactivity
coefficient profiles have a higher positive correlation with the total flux squared profile than with
the linear flux profile.
Fig. 2 shows that the profile of o2 is practically identical with that of <t> x o" and quite different
from the o profile. This in spite of the fact that in the thermal group at least, the <Z>* values are
significantly larger than the <2> values. (In the other three energy groups the values are pretty much
the same). The larger values of a' in the thermal group can be understood since although the
forward flux is depressed because of absorption in the fuel, the adjoint flux, which is a measure
of the importance of the neutrons, is elevated signifying their increased importance in the fission
process. The ratios in the thermal group, however, are practically identical to those of the total
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Figure 1: Flux and reactivity coefficient fractions as a function of specified changes in each
of the axial regions of the Zion-2 PWR
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Figure 2: Comparison of <j>, <t>2 and 4>x<j>" ratio
profiles as a function of axial distance
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ENERGY PRODUCTION IN A THORIUM SUBCRITICAL LATTICE
DRIVEN BY ACCELERATED PROTONS

M. Segev
Department of Nuclear Engineering
Ben Gurion University of the Negev

Recently (1) Rubia has proposed to sustain a thorium fuel cycle in a tight lattice driven by spallation reactions neutrons, these reactions being initiated by bombarding the lattice with highenergy, high-current, protons. The proposal lacks a consistent evolution calculation of actinides and fission product densities. In order to assess the true potential of the concept, the
capacity of a criticality burnup calculation with the WIMS code was tested as a replacement to
a 'source-driven' burnup calculation. Tests of 'source-driven' burnup were conducted with calculations based on a package program(2) combining the high-energy code HETC, the montecarlo code MCNP, and the depletion code KORIGEN. The results of the tests problems
ascertained that:
i. The effective one-group cross sections based on a 'criticality mode' spectrum are only
slightly different from counterparts based on a 'source mode' spectrum, namely on the spallation neutron source.
ii. Time dependent fission product poisoning, based on the spallation + fission product yield in
the thorium lattice, differ little from poisoning based on a fission yield of products.
The above enable one to conduct a simulation of the burnup evolution of a proton driven thorium lattice via a 'criticality mode' burnup calculation. In addition, a number of corrections,
derived through perturbation expressions and assessed with KORIGEN runs, were superimposed on the WIMS burnup results in order to counter the lack of americium, neptunium, and
Pu238 in the WIMS built-in chains.
The concept studied was of 1600 MeV protons bombarding a ThO2 lattice. The thorium density was tak^n as 7 gr/cc; the moderator to fuel ratio, as 0.8. The core was assumed 20 meter
cube, allowing for 42 spallation neutrons per proton, and a neutron leakage of 2%. Burnup was
conducted at 30 MWd/T, or 115 MW/m3. The first load was 'started' with the addition of LWR
Pu waste (56/26/13/5) at 0.24 gr/cc.
As can be appreciated from the following table, operating this core as a single cycle, with no
separation intervention, to 99 GWd/T requires a proton current of 250 mA to generate 2000
MWth, of which 1200 are to be fed back to sustain the accelerator operation; the net grid electricity is about 250 MWe.
The energy extraction from the thorium is much improved if an 'equilibrium' operation is conducted, in which every 33GWd/T burnup is followed with fission product separation and the
reload of the core with all the remaining actinides. Now a more modest beam of 40/50 mA will
support the production of 2000 MWth; off these, only 20/22 percent is to be fed back to the
accelerator, leaving a net grid electricity of 500 MWe.
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<K-eff>

mA protons
generating a gross
of 2000 MWth

percent power
back to beam

.883 - .808

245

59

single cycle burnup
(GWd/t)
0 - 99 GWd/t
multicycle burnup
(GWD/t)
1.

0-33

.883 - .852

175

51

2.

0-33

.964 - .877

64

28

3.

0-33

.985 - .879

48

22

4.

0-33

.980 - .886

48

20

5.

0-33

.987 - .890

42

20

6.

0-33

.990 - .892

42

20

7.

0-33

.991 - .891

42

20

8.

0-33

.988 - .890

42

20

9.

0-33

.986 - .888

44

21

It is to be noted that an increased initial Pu load will result in a higher power production of the
single-cycle mode of operation; however the increased energy production will not come from a
better utilization of the thorium: it will come from an increased usage of plutonium. If, for
example, the core is loaded with 0.38 gr/cc Pu (instead of 0.24 gr/cc), then 2000 MWth may be
generated on the average with a beam of 180 mA, and the feedback required to sustain the
beam will drop from 59 to 44, leaving a net of 350 MWe. However, while with a .24 gr/cc Pu
load the energy extraction from the lattice is already 70% out of U233 at a burnup of 33
GWdT, with a .38 gr/cc Pu load the energy extraction from U233 is, at 33 GWd/T, is only
about 43%. In the multicycle operation, the third cycle starts with an energy production almost
'purely' from thorium.
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Increasing the Moderating Ratio for Plutonium Burning in PWR1
D. Saphier*, S. Nisan**, and P. Raymond*
*CE Saclay, DMT/SERMA, France
" C E Cadarache, DER/SIS, France

Introduction
The world-wide quantities of Plutonium, both, from reprocessed nuclear power plant
fuel and from excess of weapon grade Pu are increasing yearly. This is true particularly in France which has chosen the path of fuel reprocessing rather then storing
the spent fuel elements. Consequently, about 10 tons of reprocessed Pu are added
yearly to the Pu stockpile in France alone.
Large stockpiles of plutonium from water moderated reactors are expensive to
maintain, and therefore, in addition to the problem of safeguarding, there is a strong
economic incentive to consume as large a quantity of Pu as possible. With the slow
down of the LMFBR program in France, and its elimination in USA and Germany,
there is an urgent need to develop a fuel cycle capable of utilizing the wast amounts
of available Pu. There seem to be two basic aproaches: one is to utilize 100% MOX
in the existing fuel elements, the second is to develop a new Uranium free fuel in
which Pu will be burned without producing new Pu. In the present the study the
MOX option was chosen being a more realistic approach for the near future.

Neutronic Considerations of Burning MOX
Since 1987 several french plants use up to 30% MOX fuel loading. However, even
with this loading, more Pu will be produced than consumed. In a conventional
PWR it is difficult to increase the MOX load above 30%, since the resulting spectrum hardening reduces significantly the efficiency of the control rods and of the
soluble boron. Calculations performed by Nisan et al. [1] and [2] have shown that
using 100% MOX in a conventional PWR reduces the control rod value to one half,
and the boron efficiency to one third, see table 1. The required shutdown margin
therefore precludes the use of more then 30% MOX fuel. In addition, the moderator
temperature coefficient increases significantly, generating a major concern in case of
reactor cool down accidents. By increasing the moderating ratio, the neutron spectrum is softened again and the recycling of Pu in 100% MOX fueled PWR becomes
1

Paper submitted to the 18th INS meeting, Tel-Aviv 1994 (papl76ab)
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feasible. Some of the preliminary calculations comparing the efficiency of various
absorbing materials in the conventional plant and the reactor with increased moderating ratio (RMA 2 ) , used by the reactor control an safety system, are presented
in table 1. From the table one can observe that the efficiency of various absorbing
Material
Natural B4C
B4C 90% B 1 0
Ig-IN-Cd
Hafnium
Soluble Boron pcm/ppm

PWR
100%

PWR 100% MOX
59%
85%

81%
-13

42%
47%
-5

RMA 100% MOX
64%
91%
46%

57%
-10

Table 1: Comparing efficiency of absorbing material in the N4 PWR and PWR with
100%MOX to a PWR with increased moderating ratio.
materials increases by at least 10% in the RMA, while for the disolved boron the
efficiency is increased by a factor of 2, when compared to the 100% MOX using
conventional fuel geometry. The magnitude of the moderator reactivity coefficient
also decreases somewhat with increasing the moderating ratio for a 100% MOX core.
This is of utmost importance when dealing with a core cool-down accident, such as
main steam line break. Full details of the neutronic design will be presented in a
forthcomming paper.

Thermal-Hydraulic Considerations of Burning MOX
From the T-H point of view, reducing the fuel pin diameter affects the core performance parameters - assuming that flow and power remain unchanged - in the
following manner:
1. Heat transfer area decreases
2. Heat flux increases
3. Flow cross section area increases
4. Flow velocity decreases
5. Heat transfer coefficient decreases
2

RMA stands for Reacteurs a Moderation Accrue
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Preliminary calculations have shown, that the consequence of the above changes
in the core T-H parameters is a reduction in the predicted critical heat flux, CHF,
while the local heat flux increases. The direct result is a meaningful reduction in
the DNBR, (Departure from Nucleate Boiling Ratio = CHF/q" Joca ,). One of the
most stringent constrains in the T-H design of a PWR core is to keep the minimum
DNBR, (MDNBR), above a certain value, (for example 1.3 in the N4-PWR when
using the W3-CHF correlation) under predefined transient limiting conditions. It
became obvious that some additional modifications are needed in addition to the
diameter reduction in order to maintain the above design limit.
The nominal operating conditions of the Framatom 1450MWe (4250MWt) PWR
were used. The calculations in the present study were limited to steady state conditions. The ultimate requirement for the reactor safety analysis is to show that
for a given set of predetermined transients and accidents, the fuel pin integrity is
maintained. However, at this stage of the project only steady state calculations
were performed. These calculations were performed for nominal and for limiting
conditions. These conditions are denned in the safety analysis report (SAR) and
include the setpoints which operational transients can achieve and which will trip
the reactor control system. These conditions are defined in table 1.

Parameter
Power
Flow
Pressure
Inlet Temp

Units
Mw

kg/s
MPa
°C

Nominal
Conditions
4250
18527
15.6
292

Added
uncertainties
+2% 4335
-3.2% 17934
-0.21 15.39
+2.2 294.2

Transient
limiting cond
+ 18% 5115
-20% 14347

Table 2: Limiting conditions for which DNBR was calculated.

A Proposed Design
One of the objectives in this preliminary study is to minimize the changes in the
operating reactor while replacing the fuel with a 100% MOX fuel. Based on the
detailed 3-D T-H calculations and optimization, performed with the FLICA-4 code
[3] and [4], the design presented in table 3 was obtained. In this design almost all
of the N4 core parameters are maintained, i.e. 205 fuel assemblies, with 17x17 fuel
pins. The fuel pin diameter is reduced from 9.5 to 8.6 to achieve a moderating ratio
of 3, and six grids with mixing vanes were added to improve the heat transfer and
increase the CHF. In order to maintain the same MDNBR (Minimum DNBR) as
in the orriginal N4 reactor the power has to be reduced by 10%. In addition the
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1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Assembly
Fuel Pin D, mm
Moderating Ratio
Mixing Grids
Flow, kg/m 2 /s
Core AP,bar
Heat Flux MW/m 2
Minimum DNBR
Water Holes
Power MW (%)
Case No.

Proposed
17x17
8.6
3.02
14
3180
2.77
.651
2.23
40+1
3850(90)
708 (3G)

Nominal
17x17
9.5
1.98
8
3600
2.71
.537
2.23
24+1
4250
28

Table 3: The proposed design is based on the N4 core with 205 assemblies of 17x17
pins, the same minimum DNBR as N4, with the moderating ratio increased from 2
to 3.
number of guide tubes was increased from 24+1 to 40+1, to facilitate the control
system requirements.

Conclusions
It is possible to redesign the fuel of an existing FRAMATOM N4, 1450MWe reactor
in order to consume 100% MOX fuel rather then the 30% that can be used today.
The fuel pin diameter has to be reduced to 8.6mm to increase the moderating ratio
from 2 to 3. Under these conditions with increasing the boron enrichment and/or
increasing the number of CR fingers from 24 to 40 a sufficient safety margin can
be maintained. Furthe detailed Neutronic and Thermal-Hydraulic calculations are
underway to verify the proposed design.
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Feynman-Alpha Measurements at Ben-Gurion University's Subcritical Assembly
Y. Shaham, I. Yaar, Y. Birenbaum, Z. Berant, 0. Haran, 0. Shahal
Department of Physics, Nuclear Research Center - Negev

Feynman-Alpha [1] is a reactor-noise technique for measuring reactor
parameters. This method consists of placing a detector and a continuous
source in a multiplying medium and measuring a statistical property of the
detector counts, namely - the ratio of variance to mean in a definite time
interval (the statistics differs from the Poisson distribution because of
the correlations between neutrons produced by a common fission). By
evaluating this property for several time intervals it is possible to
deduce the decay constant alpha.
We performed a long series of measurements on the natural-uranium
light-water subcritical assembly of the Nuclear-Engineering Department at
Ben-Gurion University [2]. The experiment was designed to be as simple as
possible: a He-3 detector was placed at the center of the assembly and the
spontaneous fissions of U-238 in the assembly's fuel were the source. The
counts were recorded in sweeps of 4000 intervals and after each sweep a
histogram of the counts was calculated. Eight interval sizes were measured
ranging from 0.2 millisecond to 10 millisecond.
The histograms were checked for consistency by comparing them to the
predictions of the theory (the p-method of Zolotukhin and Mogil'ner [3]).
The theoretical expression was fitted by least-squares to the measurments
and a decay constant Alpha(m) = 3350 ± 140 sec"(-l) was obtained (see
graph). This value was larger than the asymptotic one calculated by MCNP4
[4] Alpha(c) = 2970 ± 20. It is probably because of spatial effects, namely
the contribution of other decay modes apart from the fundamental one (our
measured points are evidently too few to distinguish between them, thus
giving an effective alpha). Further calculations will be done in the future
in order to fully understand these results.
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IRR-1 Moderator Temperature Coefficient of Reactivity at Two
Different Core Configurations
M. Bettan, I. Silverman, M. Shapira and A. Nagler
Soreq Nuclear Research Center, Yavne S1800, Israel

Abstract
Experiments designed to measure the effect of coolant moderator temperature on core reactivity
in an HEU swimming pool type reactor were performed. The moderator temperature coefficient
of reactivity (aw) was obtained and found to be different in two core loadings. The measured a^
of one core loading was -13 pcni/°C at the temperature range of 23-30°C. This value of »„, is
comparable to the data published by the IAEA. The aw measured in the second core loading was
found to be -8 pcm/°C at the same temperature range. The results were used in a core simulation
utilizing the Dynamic Simulator for Nuclear Power Plants.

Introduction
The temperature coefficient of reactivity (a) plays a significant role in the determination of the steady
state and transient properties of the reactor. One of the major sections of the core Safety Analysis
Report (SAR), which must be updated when core parameters are significantly changed, concerns the
determination of that coefficient.
The Israel Research Reactor No. 1 (IRR-1), a 5 MW swimming pool type reactor, was originally
fueled by 90% enriched uranium in MTR-type fuel elements with curved plates. Recently the replacement of the core fuel by fuel elements containing 0'.i% enriched uranium in flat plates was completed.
In addition the boron carbide centralized control blade was replaced by a fork type In-Cd-Ag control
blade.
In many practical cases the temperature coefficient of reactivity can be estimated on the basis of
data found in the literature. A comprehensive summary of benchmark calculations is included in the
summary volume (Vol. 1) of the Research Reactor Core Conversion Guidebook (IAEA-TECDOC643) [1]. The temperature coefficient of reactivity has several components which may be characterized
by the main components of the core: moderator, structure materials and fuel. During operation
the core average moderator temperature at IRR-1 ranges up to 38°C. The values of the moderator
temperature coefficient of reactivity (arw + aDw) published in the guidebook for this range are 15.3 to
21 -Ap/°C x 10s (otTw is the water temperature coefficient and aow is the water density coefficient).
The IRR-1 SAR states a value of 15 -Apf°C x 10°. Since aw is dependent on the reactor loading
specifications [2], measurement is recommended following a major change in the core.
This paper describes measurements of the effect of coolant-moderator temperature on reactivity
of a core located in a large water reservoir. These measurements were performed as part of a series of
experiments designed to determine specified reactor physics characteristics of the IRR-1 core in order
to update the values reported in the IRR-1 Safety Analysis Report.
1
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Numerical simulation of the core behavior following a reactivity step was performed using the
Dynamic Simulator for Nuclear Power Plants (DSNP), which was adapted to the IRR-1. The measured
and published values of the moderator coefficient of reactivity were used in the simulation.

Moderator Temperature Coefficient of Reactivity (aw) Measurements
The IRR-1 core is located in a 10 meter deep pool filled with 400 m 3 of demineralized water. The
holdup tank contains an additional 180 m 3 . A schematic diagram of the primary and secondary loops
is shown in fig. 1.

c

HEAT EXCHANGER

T3—>
Figure 1: A schematic diagram of the primary and secondary loops.
The experiments were performed on two core loading patterns (shown in fig. 2). Core loading A
includes 4 irradiation positions containing boron. Core loading B has no boron irradiation positions
but one flux trap. This core loading was constructed in order to measure the effect of a flux trap
as used in the RERTR benchmark problem [1]. The difference between the two core loadings lies
primarily in the power distribution in the core. In core loading B the power peaks in the vicinity of
the flux trap, whereas in core loading A the radial flux is more uniform.
The water temperatures at the inlet and outlet of the core were measured by two resistance
thermometers and two thermocouples. The accuracy of the resistance thermometers and the thermocouples used in the experiments was ±0.1°C. The data was recorded by a PC-oriented data acquisition
system.
In order to measure the moderator temperature coefficient it is necessary to control the moderator temperature inside the core and measure the change in core reactivity as a result of moderator
temperature change. Changes in the reactivity of the core can be determined by monitoring the regulating rod position when in automatic mode and using its calibration table to calculate the reactivity
worth of the change in rod position. The difficulty lies in controlling and measuring the moderator
temperature distribution in the core.
The ideal way to simulate the total effect of moderator temperature on core reactivity during
operation would have been by gradually increasing reactor power, monitoring the core average coolant
temperature and monitoring the change in the regulating rod position. The problem is that as the
power increases other reactivity feedback mechanisms, such as poison buildup or burnup and other
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Figure 2: The two core loading patterns with U-235 content in grams.
reactivity coefficients related to reactor power, affect core reactivity. An alternative method would be
to change the pool water temperature while the reactor is operating at low power.
A common practice used in changing the moderator temperature is to heat the coolant [2, 3]. This
method is practical for tank and small pool reactors. Due to the large bulk of coolant in IRR-1, the
only available means of heating the water is nuclear power. On the other hand, the large quantity of
water contained in the system enabled us to heat the1 water using reactor power, then shut down the
reactor for a week to allow for xenon decay and still sustain pool water at a temperature of 30°C at
the start of the experiment. Thus the change in pool water temperature during low power operation
can be achieved by cooling the water as opposed to heating it. This method measures the reactivity
effect of uniform temperature changes in the core and surrounding water, which is not necessarily the
moderator temperature coefficient of reactivity experienced during normal operation. During power
operation a substantial temperature distribution exists along the core length and across construction
materials. Furthermore, when the reactor is at power, the reflector temperature is much lower than
the core temperature.
The reactor was operated at a power level of 1 kVV, the lowest power level the regulating system is
able to stabilize. The primary water pump was operated until the point at which a thermal equilibrium
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Figure 3: Moderator temperature effect on reactivity.
was achieved in the primary loop. The secondary loop then was put into operation and the moderator
temperature was reduced while the regulating rod position was recorded. The positive reactivity
resulting from the reduction in the moderator temperature was calculated using the calibration table
of the regulating rod.
In the moderator temperature coefficient measurements the moderator temperature was varied
within the range of 30.1°C to 20.2°C during three runs. In the first and second runs performed on core
loading A the pool water was cooled from 30.1°C to 25.2°C and from 26.6°C to 22.8°C. respectively.
The total changes in reactivity were 67 and 46 pan, respectively. In the third run performed on
core loading B the pool water was cooled from an initial temperature of 28.2°C to 20.2°C. The total
changes in reactivity was 69 pcm. The results of the experiment are shown in fig. 3.
As can be seen from these curves the reactivity change as a function of water temperature in core
loading A is quite linear. The moderator temperature coefficient calculated from the curves of both
runs is -13 pcm/°C. which is comparable to the values stated in the IRR-1 SAR and calculated by
JAERI [1]. In core loading B aw calculated over the temperature range 22.1-32.5°C is -8 pcm/°C,
which is significantly less than the published values. In the range 20.2-21.9°G\ aw calculated from the
curve is -11 pcm/°C. It should be noted that the lower temperature range was not achieved in the
experiment performed on core loading A as it was for core loading B.

Numerical Simulation
The Dynamic Simulator for Nuclear Power Plants (DSNP) [4] is a special purpose block-oriented
simulation language by which a large variety of nuclear reactors can be simulated. The dominant
feature of DSNP is the ability to transform a flowchart or block diagram of a reactor's primary and
secondary loops directly into a simulation program.
In this study the simulation of the core alone is analyzed. Hence, it employs an open-loop primary
coolant flow model. The core flow rate, its inlet temperature and pressure are assumed to be constant
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during the simulation. The DSNP flowchart is given in fig. 4. The DSNP modules are designed to
account for the lengthwise distribution of power and to give detailed profiles of temperature, coolant
velocity and density along the core. Core neutronics is modeled by the following modules: CNTRL1
simulates control rods reactivity, FDBEK1 simulates feedback reactivity, SAFTYl simulates scram
reactivity, and NEUTRl calculates normalized neutronic power by solving the reactor kinetic equations. GAMAR] calculates fission products decay normalized power. The output of NEUTRl and
GAMAR1 are used for the calculation of the reactor thermal power by TP0WR2 which is used as
input for FUELP2.

Figure 4: DSNP flow chart of IRR-1.
Using the measured and published coolant temperature feedback coefficients, core response was
simulated. The results are shown in fig. 5. The analysis was performed on a clean core and does not
consider xenon buildup and other power-related effects. In order to simulate this type of transient
these reactivity coefficient components should be identified, measured and then included in a DSNP
simulation.
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Figure 5: DSNP simulation of the reactivity step experiment performed on core loading A.
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Conclusion
This study demonstrates the significance that core configuration has on the value of reactivity coefficients of the core. Thf measured effect of a uniform increase in moderator temperature on core
reactivity varied from -S pcm/°C to -13 pcm/°C, depending on the core loading.
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COMPUTERIZED RETRIEVAL FROM INIS VIA CD-ROM

B. Ben-Shachar, A. Dickman, H. Rotem and E. Shalmon
Dept. of Scientific & Technical Information
NRC-Negev, P.O.B. 9001, Beer-Sheva, 84190

INIS, the International Nuclear Information System, is an international
bibliographic database. It is produced by the International Atomic Energy
Agency (IAEA), Vienna, Austria, in collaboration with 86 participating countries
and 17 international organizations. The INIS Secretariat at the IAEA is
responsible for the central processing of the database.
The subject scope of INIS is all aspects of the peaceful uses of nuclear
science and technology, with emphasis on engineering, energy, safety and life
sciences. In 1992 INIS began covering the economic and environmental aspects
of all energy sources. The literature covered includes not only conventional
documents, such as journal articles, books, published conference proceedings,
etc., but also non conventional material, such as scientific and technical
reports, thesis, conference papers, etc., which are not readily available through
normal commercial channels. Non-conventional materials constitute about 30%
of the database. The original text of the non conventional material is available
from the INIS Clearinghouse as microfiche.
In the past, the INIS database was available only as printed INIS Atomindex
and on magnetic tape. The two tools for subject searching are: the descriptors
or index terms and the subject category codes. The INIS Thesaurus contains
indexing term in English. An indexer assigns a set of descriptors describing
the contents of each document. During the database processing at the IAEA,
the computer adds all the broader terms of the indexer-assigned descriptors,
as listed in the INIS Thesaurus, into a separate set of computer-assigned
descriptors. INIS records have three descriptor fields: 1) Major indexerassigned descriptors (also known as main headings), or those that the indexer
decided were the most important in describing the document.
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2) Other indexer-assigned descriptors, which describe additional information
in the document. 3) Computer-assigned descriptors, or broader terms.
Document references in INIS are assigned by one primary and, if necessary,
a number of secondary subject category codes, indicating the general subject
fields of the documents. Categories and subcategories are classified under six
broad headings. Subject category codes are five characters long. The first
character, a letter, represents a very broad subject classification, e.g. C stands
for Life and Environmental Sciences. The last four characters are numbers that
represent a subdivision of the broad classification. For example C5300 is the
code for Radiation Protection Standards.
In the last two years, the current INIS database is available in the member
states as a CD-ROM product, too. INIS (in electronic form)Currently contains
over 1.5 million records. The full text of documents not available from
commercial sources is available in the form of microfiche from the INIS
Clearinghouse.
The Department of Scientific and Technical Information in the Nuclear
Research Center, Negev is the representative of INSS in Israel. We are
responsible for the input of all documents within the INIS subject scope
published in Israel, e.g. the reports of the Nuclear Centers, universities,
institutes and other laboratories, as well as conferences held in Israel and
thesis. The authors are encouraged to add their suggested keywords and
subjects.
In the INIS the full text is not available, but each publishment is sorted as a
record, including about two dozens of fields. The main fields for the researcher
are the title, abstract, descriptors, publication language and author. The
information scientist and the librarian are interested, as well, in the publication
type, source, update code, etc.
INIS contains information in many languages. In general, the parts of the
INIS record that describes the publication details are in English: the title,
descriptors and abstract. English abstracts are included in 85% of the
database.
In the lecture, the technique of the retrieval from the CD-ROM Will be
presented, giving several examples.
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Fast Dynamic Neutron Sources Based on the Cy,rO Reactions
Y. Birenbaum, Z. Berant, S. Kahane, R. Moreh, A. Wolf and I. Yaar
Nuclear Research Center-Negev, Beer-Sheva, P.O.Box 9001

Highly monoenergetic photon beams in the energy range 5 to 10 MeV
obtained from thermal neutron capture on metallic elements such as iron,
chromium, nickel, manganese, and copper are used for
generating
monoenergetic fast neutrons from the (7,n) reactions on
various
elements1 " 3 . The later are resonance reactions based on a chance overlap
between a 7 line of the photon source and a nuclear level in the target.
Both the incident 7 lines and the nuclear levels are Doppler broadened
where the broadening is caused by thermal motion and by the strong
binding forces of the metallic state and is of the order of 10 eV for
energies of around 8 MeV.
Experimentally, metallic discs of either iron, chromium,
nickel,
manganese, or copper were used and placed along a tangential beam tube
and near the core of the IRR-2 reactor. The total mass of each 7 source
was about 5 kg consisting of about 5 cylindrical disks (each around 8 cm
diameter and about 2 cm thick with a spacing of 2 c m ) . With such an
arrangement typical intensities of around 10
photons/cm /s
were
obtained on the target position.
A search was carried out for such resonance events using the above
photon sources and different targets. Several
(7,n) resonances were
observed and are listed (Table 1 ) . It is shown that intensities of the
order of 10 neutrons per sec may be obtained by using the best
combination of photon source and resonance targets. The spin and parity
of the emitting resonance levels obtained through angular distribution
measurements were also measured.
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2) A. Wolf, R. Moreh and 0. Shahal, Nucl. Phys. A237 (1974) 373.
3) R. Moreh, R. Fedorowicz, W.V. Prestwich, T.J. Kennett and M.A.
Islam,Nuc. Inst. Meth. A309 (1991) 503.

V - 27

Table 1. Target-source combinations used for obtaining the resonance
(7,n) events. The 7 line energy, E
the resonance energy of the n-group
E n , the spin-parity of the
section a(7,n) are listed.
Target-Source

E

resonance

7

Ip

(keV)

level

Ip

and

the (7,n)

n

cr (7,n)

(keV)

(mb)

E

Ti-Cr

8884

7/2+

726

33(4)

Zn-Mn
205T1_Fe

7244

3/2"

252(41)

7646

1/2"
3/2+

191
90
421

107(20)

86
262

370(50)
50(7)

184

1050(120)

49
67

207

Pb-Mn

7163

Pb-Fe
208
Pb-Fe

7632
7632

3/2+
1~

209

7637

9/2+

207

Bi-Cu

35(5)

cross
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THE RADIOLOGICAL ACCIDENT IN GOIANIA:A SAFETY CULTURE PROBLEM

J.J. ROZENTAL
Former Director of the Nuclear Installations and Materials Department,
Brazilian Commission of Nuclear Energy.(*)
ABSTRACT
In September 1987, the unauthorized removal of the rotating assembly of the
shielding head of a teletherapy unit and the dismanteling of the capsule
containing 50.9 TBq (1375 Ci) of Cs-137 resulted in a widespread
contamination of central Goiania, a Brazilian City, of one million
inhabitants, Capital of the State of Goias, 180 km. far from Brazilia,
Capital of Brazil. This accident presents lessons which cover the
pre-accident period, the emergency phase, and the post-accident phase up to
the present. Each of those phases taking into consideration errors,
omissions and correct actions by people and organizations must be analyzed
in terms of Safety Culture Problems identification because, notwithstanding
the recommendations presented in publications concerning emergency planning
and preparedness, this radiological accident showed that several adverse
vectors, not mentioned in the literature, were a reality. Noy only social,
political, economic and technical problems had to be faced but also
psychological aspects had to be dealt with. Of these the treatment of the
victims and handling of the main products of the city were the most
important. This deals also with some lessons learned, specially the
influence of legislation and rules applied; the interfaces between the
State, the Province and the National Nuclear Energy Commission and the
different aspects involved in providing information and reports to the
government, to the organizations and to the community.

(*) temporarily living at kibutz gaash, 90651 - Israel
Tu-109
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Survey of Occupational Exposure Involved in Medical and Industrial
Uses of Radiation in Israel, 1981-1993
T. Biran, S. Malchi & Y. Shamai
Soreq Nuclear Research Center, Yavne 81800
The Israeli Dosimetry Center, operated by the Radiation Safety
Department at Soreq NRC, serves approximately 10,000 radiation workers
throughout the country. Workers in medical, educational and industrial
installations are monitored monthly or bi-monthly for external
ionizing radiations: X and gamma rays beta radiation, and thermal and
fast neutrons. Dosimetry of all but the last category was performed by
film until 1979 and by Thermo-Luminescence-Dosimeter badges (chest,
head, hand, leg) or TLD rings since then. Fast neutrons were measured
by polycarbonate nuclear track etch detector until 1988 and by CR-39
track etch detector since then. The reporting level was 0.2 mSv/month
for gamma- and X-radiation. This document constitutes a summary of the
occupational exposures (whole-body only) during the period 1981-1993.
Table 1 provides information on the number of monitored workers,
the annual collective effective dose, and the average annual effective
individual dose per monitored worker and per measurabely exposed
worker (above the recording level of 0.2 mSv at least once in a year).
The last two columns are the dose distribution ratios as follow: NR.,.
is the fraction of the work-force exposed annually to 15 mSv or more;
MR lb
1 C is the fraction of the annual collective dose delivered to this
population.
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Table 1:

Occupational

exposure involved in the use of radiation in

Israel
Year

Number of

Number of Collective

monitored

exposed

workers

workers

(xlO3 )

(XlO3)

Annual average

Distribution

effective individual effective ratio
dose

(man Sv)

dose

NR15

(roSv)

monitored exposed
worker

%

%

0.2
0.2
0.2
0.3
0.2
0.2

50
_
_
34

worker

1981
1982
1984
1985
1987
1988
1989
1990
1991
1992
1993

All medical cateqories
0.69
1.60
_
1.18
1.58
4.11
0.28
1.08
4.11
0.44
1.22
3.44
0.36
0.85
4.49
1.27
4.59
4.50
1.75
0.85
4.55
0.63
1.04
4.78
0.80
1.64
5.20
1.67
1.27
6.19
1.04
0.93

1981
1982
1984
1985
1987
1988
1989
1990
1991
1992
1993

Industrial. research and educational establishments
0.18
0.65
0.84
3.67
0.0
1.76
0.28
1.3
2.36
3.23
0.16
0.22
0.52
0.0
0.20
0.19
0.41
2.07
0.3
2.11
2.20
0.08
0.26
3.30
0.12
0.2
2.31
0.41
0.53
2.96
1.23
0.0
2.00
0.28
0.89
0.45
3.13
0.6
2.00
0.25
0.74
0.37
2.96
0.3
3.35
0.44
0.60
0.18
1.39
0.1
0.80
1.60
3.42
0.50
0.23
0.4
4.17
0.33
0.62
1.89
0.15
0.1

3.66

0.44

0.26
0.30
0.25
1.02
0.39
0.23
0.34
0.32
0.17

MR15

2.19
1.34
3.79
2.76
2.38
3.61
2.06
1.66
2.04
1.31
1.17

41
59
45
40
41
35
12

0.2
0.2
0.1

0

1.30

59
0
36
64

0
62
56
33

47
46

The apparent increase in the collective dose and other parameters
in the medical section in 1988 is believed to be at least partially
due to an increase in intrvetiontional radiography in this year.
The average annual individual effective dose per monitored worker
is mostly

in the range

of 0.2-0.5 mSv

(20-50 mRem), with

a few

exceptions up to 1.02 mSv (102 mRem). These results are in agreement
with the world-wide occupational exposures to monitored workers quoted
in the UNSCEAR report [1] for the years 1985-1989: for medical staff a
value of 0.5 mSv was reported, while for industry an average of 0.9
mSv was given.
This same report
exposure

in

the

[1] states that

medical

category,

in the past the
much

of which

occupational

is due

to

low

penetrating radiation, was overestimated and that the present estimate
of collective dose may still be too high by a factor of 2.
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In order to circumvent the distortion introduced to the calculated
individual effective dose by those workers who are monitored but who
receive only insignificant doses, the average annual individual doses
per exposed worker were also given in table 1. As expected, these
values were higher than those per monitored person, 1.2-3.8 mSv
(120-380 mRem) and with less fluctuation from year to year. It should
be noted that these values are less than the investigation level of
the recently recommended annual limit of 20 mSv [2].
The NR, 5 values are \iery low, being only a few tenths of one
percent. This means that only few workers were exposed to doses above
the investigation level, i.e., > 15 mSv annually. The MR 1 5 values are
mainly 30 to 50%, i.e., one third to one half of the collective dose
is comprised of a few cases of exposure. A high MR,g value points out
that the average annual individual dose is shifted to a higher value
then the actual one due to few high exposures.
Table 2 shows the distribution of the number of workers, the
collective and the individual doses, for nine sub-groups of radiation
workers in Israel in the year 1993. In addition to NR, 5 and MR,r,
table 2 presents NR 5 , the fraction of the work-force recorded at least
once in that calendar year, i.e., measurable worker; N R , Q , the
fraction of the work-force exposed annually in the range 5-15 mSv; and
MRc and MR 1 0 , the fractions of the annual collective doses delivered
to these populations, respectively.
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Table 2- Occupational exposures in medicine and industry in 1993
Type

Number of Collective Annual average
Distribution
workers (xlO ) effective individual effective ratios (%)
total I exposed dose
dose (mSv)
NR 5 NR 1Q NR,5
per
| per
/MRg /HR,0 /MR 15
(man Sv) monitored|exposed
worker
|worker
15.1 0.6 0.1
2.71 0.41
0.45
0.17
1.10
X-ray
/100 / 41 / 21
13.8 0.6 0.1
Diagn
1.85 0.26
0.27
0.15
1.06
/100 / 37 / 12
Radioloq^I
16.0 0.0 0.0
Oncology 0.31 0.05
0.03
0.09
0.58
/100
o /0.00
27.3 /1.6
0.27
0.42
1.55
Nuclear 0.65 0.18
/100 / 25 / 0
Medicine
5.4 0.0 0.0
0.67 0.04
Dental
0.01
0.02
0.28
/100
/o / 0
industry
10.0 0.7 0.1
Radio- 1.52 0.15
0.21
0.14
1.40
/100 / 49 / 13
qraphv
18.9 1.0 0.0
Nuclear 0.31 0.06
0.06
0.20
1.01
/100 / 36 / 0
qauqes
5.3 0.4 0.1
other
0.96 0.05
0.12
0.13
2.34
61
75
industry
/100
5.0 0.2 0.1
Education!.39 0.07
0.22
0.17
3.24
81
85
/100
The smallest annual average individual dose of the five sub-groups
of medical occupation was for dentists, while the largest was for
those who work in nuclear medicine. It should be emphasized that
exposures to the eyes were not included in this survey. Of the total
staff, 5-27% were exposed above the recording level. In five of the
categories, a few cases of cumulative annual doses above 15 mSv were
responsible for a large share of the total collective doses, as
discussed above.
References
1. Report of the United Nations Scientific Committee on the Effects of
Atomic Radiation. Forty-eighth Session, Supplement no. 46 (A/48/46)
UN (1993).
2. 1990 Recommendations of the ICRP. Annals of the ICRP, publ. no. 60.
(1991).
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PRENATAL X-RAY EXPOSURE, COSMIC RADIATION AND
UNWARRANTED PREGNANCY TERMINATIONS
Yehoshua Kalish, Yechiel Leser
Department of Medical Physics, Beilinson Medical Center,
Petah-Tikva, Israel
Women who undergo radiographic examination when unknowingly
pregnant may thereafter suffer extreme mental anguish in fear that
the X-ray induced defects in the baby. At times, these fears may
lead some women - even those who want a baby badly - to terminate
the pregnancy, in addition, doctors sometimes avoid prescribing
dental X-rays, chest X-rays and so forth for pregnant women fearing
damage to the fetus.
Over the last 40 years, fetal exposure to X-rays has been
the subject of numerous studies. Lack of clear information gave
rise to unjustified panic among the public in this matter (1-3).
The aim of this paper is to set the record straight by summarizing
the information accumulated to date and by comparing the amount
of radiation to which the embryo-fetus is exposed by X-rays with
that resulting from cosmic radiation and other natural sources
of radiation.
Possible embryonic-fetal damage as a result of irradiation
may be classified into two principal types. The first is
teratogenesis, or the creation of birth defects; this may occur
when exposure to radiation takes place in the first 12 weeks of
pregnancy, when the embryo is in the stage of organogenesis (4-6).
The second type is carcinogenesis, or malignancy-producing effects;
this is liable to occur when exposure to radiation takes place
in the second and third trimesters of pregnancy and is manifested
in the first decade of the child's life (7-11).
The existing information on embryonic damage due to irradiation
in the first trimester of pregnancy is based on studies conducted
with laboratory animals (6,13,14), follow-up of individuals exposed
to the atomic bomb explosions in Japan (5,15,16), and various
statistical analyses (3,4). It appears that the probability that
embryonic-fetal irradiation at a level of 1 rad will cause
developmental damage or cancer during the childhood years does
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- 2 not exceed 1:1000 or 1:10,000 (1,4,16,17). This figure is negligible
when compared to the incidence of birth defect - 4%-6% - among
the general population. Table 1 summarizes the levels of radiation
to which the embryo-fetus is exposed during diagnostic roentgenology.
An important fact should be mentioned here: in only one in every
1000 X-ray examinations of pregnant women is the level of radiation
to which the fetus is exposed equal to or greater than 1 rad (12) .
(For purposes of this discussion, 1 rad = 1 rem = 1000 millirems
= 1 cGy.)
In the laboratory studies, researchers found they had to use
high levels of radiation before any effect could be noted. As long
as the level remained below 15 rad, no differences were observed
between the control and the irradiated group (6,13,14,18) . A followup on women exposed to radiation at levels between 10 and 19 rad
in the atomic explosions in Japan showed that babies in Hiroshima
were born with relatively small head circumferences; however, this
fact was not observed in Nagasaki (4,5,15,19) . It is possible that
the conditions of malnutrition and multiple diseases, which were
more prevalent in Hiroshima than in Nagasaki, played an important
role in this finding. It is therefore commonly accepted, as stated
in a report of the United States National Council on Radiation
Protection (4), that radiation levels of up to 5 rad - a level
only very rarely used in diagnostic roentgenology (3) - present
no real danger to the embryo-fetus and the advantages gained by
clinical diagnosis by far outweigh the negligible risk of embryonic
damage.
The subject of carcinogenic effects of X-ray radiation was
first raised by a group of researchers from Oxford (UK) some 38
years ago (8). A book published in 1984 by Monson et. al. (20)
summarizes a considerable proportion of the vast literature on
radiation damage up to the 1980s. A broad-based survey on this
question also appeared in the American press (7). This survey
included a follow-up of 32,000 twins with 31 cases of cancer, in
which no significant effects of radiation were observed; only in
those cases where birth weight was low did the risk of cancer
increase to approximately 1:1000, as against 1:2000 for the overall
population. An editorial in the same publication (21) raises doubts
as to the validity of the conclusions reached, especially because
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- 3 of the small number of cancer cases; in addition, presence of twin
pregnancy did not exclude all the other indications for radiography,
and the cancer cases may have been related to such indications.
The editorial also refers to the researchers' conclusions as to
the lower incidence of cancer in twins in contrast to single births,
despite the fact that the twins were undoubtedly exposed to more
radiation; in other words, it is quite possible that even the
minuscule effects noted in the low-birth-weight twins may have
not been due to radiation at all. Even if, despite all of the above
reservations, we accept the conclusions of these researchers, 999
out of 1000 children prenatally exposed to radiation will, by
statistical probability, remain unaffected. The great benefit gained
by those children and their mothers from proper treatment following
precise diagnosis through the use of X-rays is far greater than
the e3:tremely slight risk.
To gain the proper perspective, we should consider natural including cosmic - radiation. We are exposed to cosmic radiation
even when we are far away from X-ray institutes and hospitals.
In the United States Rocky Mountains areas, in the states of
Colorado, New Mexico, and Utah, where the natural uranium content
of the soil is quite high, and the attenuation of cosmic radiation
by the atmosphere is diminished by the high altitudes - the annual
level of radiation exposure per person exceeds that of other areas
in the country by some 100 millirems. Millions of people (obviously,
including pregnant women) live in Colorado; yet the incidence of
cancer there is some 35% below the national average (2).
We may then conclude that any fetus whose mother-to-be lives
in Colorado will receive, during the nine months of pregnancy,
a surplus irradiation of 75 millirems. A routine chest X-ray of
a pregnant woman exposes the fetus to a dose of 0.5 millirems (22) .
In other words, a fetus of a pregnant Colorado resident is exposed
to surplus radiation equal to that from 150 chest X-rays.
Let us now examine the situation regarding dental X-rays,
which many pregnant women refuse, thereby neglecting their health
for fear of damage to the fetus. If we assume a radiation level
of 0.06 millirems per dental X-ray (see Table 1) , some 1. 250 dental
X-rays would be required to equal the amount of surplus radiation
absorbed by any fetus whose mother-to-be lives in the Rocky
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- 4 Table 1: Estimated Average Dose to Fetus per Radiographic
Examination (in millirems)*
Dental
Head

0.06
up to 0.5

Cervical spine
Extremities

up to 0.5
up to 0.5
0.5

Shoulder
Thoracic spine
Chest
Mammography

11
0.5
up to 10

Upper G.I. Series
Femur (distal)

170

Lumbar spine
Pelvis
Hip and femur (proximal)

720

IVP

590

Cystography
Barium enema
Abdomen
Pelvimetry

1500

1

210
120

900

220
1270

Notes:
* Values are taken from references (4) and (22).
* Values listed here are averages. The precise amount of fetal
irradiation depends upon the device, the operator, the woman
examined, etc.
Mountains. Would anyone even think of putting up notices throughout
that area, warning women to refrain from conceiving, or if already
pregnant, to move away? In some regions in India and in other
countries, background radiation is extremely high - up to 1300
millirems per year; nevertheless studies conducted in those areas
indicate no increase in morbidity (23).
As indicated before, findings show that the irradiation of
1000 pregnant women with 1 rem (or 1000 millirems) radiation will,
in all probability, result in the birth of, at most, one damaged
baby. If we assume that the probability of damage to one fetus
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irradiated with l rem is equal to that of damage to 2000 fetuses
each irradiated with 0.5 millirems , we see that chest X-ray
examination of 2,000,000 pregnant women will result in the birth
of, at most, one damaged baby - whereas of naturally damaged babies
born to those 2,000,000 women, irrespective of radiation, will
be at least 80,000.
We have discussed dental and chest X-rays. As may be seen
in Table 1, a similar situation prevails regarding other X-ray
examinations outside the abdominal region. In the cases of abdominal
X-rays,in which the fetus is directly exposed to radiation, the
level of fetal exposure to radiation is obviously higher than during
dental or chest X-rays. However, even then, levels are rarely above
5 rems (3,4,24,25) and the risk remains slight. It may therefore
be deduced that only very rarely, if at all, will the level of
fetal irradiation in diagnostic radiography justify termination
of pregnancy. The instruction of the Israel Ministry of Health
(27) state, inter alia, that only when four or more X-ray films
have been taken in which the fetus is directly exposed to radiation
(lower-abdominal X-rays) , or when both radiographic and fluoroscopic
examinations have been made, it is necessary the precise level
of radiation ; and only when that level is found to be above 5
rads is abortions to be considered. Irradiation of 5 rads or less
does not warrant termination of pregnancy.
Conclusion: We believe that the public's fear of X-ray
examinations of pregnant women are unjustified. Physicians and
medical physicists must work together with the media - press, radio,
and television - to make the correct information available to the
public. This is vital, both to protect pregnant women from suffering
and distress and to prevent unwarranted terminations of pregnancy.
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THE NECESSITY FOR QUALITY ASSURANCE AND QUALITY MANAGEMENT PROGRAMS IN
DIAGNOSTIC AND THERAPEUTIC RADIOLOGY : A REVIEW OF SOME ABNORMAL
OCCURRENCES IN THE USA
Avi Ben-Shlomo and Tuvia Schlesinger
Soreq Nuclear Research Center
During 1990, 467 medical radiology misadministration cases, involving
573 patients, were reported to the Nuclear Regulatory Commission (NRC)
in the USA. Of the 467, 443 cases were related to diagnostic radiology
and 24 to radiation therapy. Details on these events were reported by
the NRC's office for Analysis and Evaluation of Operational Data
(AEOD). This office serves also as the NRC's center for the
independent assessment of operational events. The above data were
taken from the medical misadministration report of the AEOD
office (1). Several cases from this report were mentioned also in the
NRC's 1991 Annual Report (2).
Abnormal occurrences in the medical use of radiation in Israel have
not been reported. The purpose of this review is to increase the
awareness on this subject in Israel, to learn from the USA experience
and to emphasize the importance of adequate quality assurance and
quality management programs in diagnostic and therapeutic radiology
practice. Below we present a few examples of medical radiology
abnormal occurrences in the USA in recent years.
- In April 1991, a therapy technologist who was preparing for a test,
practiced manual calculations of the radiation therapy plan
(teletherapy with a Co source). For this purpose she used the
files of a patient who had been treated already. The results of the
manual calculations did not match the computer calculations in the
files. The radiation oncology staff checked the previous treatment's
documents and found wrong computer plans which had been started 16
months earlier. It was noted that between September 1989 and March
1991, therapeutic doses varied by more than 10% from the prescribed
dose. For example, on April 12, 1991, three patients received
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10-18 % above the prescribed doses and nine patients received
10-27 % below the prescribed doses.
- In June 1990, a diagnostic misadministration occurred in a nuclear
medicine department. A technologist gave a patient who came for an
enlarged thyroid gland examination 4.3 mCi of
I instead of
50-100 /zCi. The technologist was misled by the department's
procedures manual, which indicated for this examination 3-5 mCi
I or 100-200 /iCi
I. The radiation dose to the thyroid due to
this misadministration was 34 Gy (3400 rad).
- In March 1991, two patients with identical names were involved in a
therapeutic misadministration whereby
I was given to the wrong
patient. The physician gave therapeutic amount of
I to one
patient after asking only for the patient's name. Five minutes later
the nurses discovered the error. A blocking agent was given
immediately to the patient and prevented a high dose with the result
that the misadministration caused only a thyroid dose of 1.1-1.4 Gy
(110-140 rad).
Additional medical misadministration cases will be reviewed. Many of
them could have been prevented by proper quality assurance and quality
management programs.
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PROTECTION OF THE PATIENT IN DIAGNOSTIC AND THERAPEUTIC RADIOLOGY THE

APPROACH

OF

NATIONAL

AND

INTERNATIONAL

ORGANIZATIONS

AND

CONSEQUENCES FOR ISRAEL
Avi Ben-Shlomo and Tuvia Schlesinger
Soreq Nuclear Research Center, Yavne 81800

Diagnostic and therapeutic radiology both play have a role in health
care of the population in a modern society. Diagnostic radiology
consists of X-ray examinations (radiography, CT, mammography, etc.)
and nuclear medicine examinations (function testing, scanning, etc.).
Therapeutic radiology involves 'the treatment of malignant and benign
tumors by means of teletherapy (linear accelerators,
etc.),

brachytherapy

(intracavitary

or

Co irradiators,

interstitial)

administration of unsealed radionuclides ( I ,

and

the

P and others) into

the human body. These medical applications are the main source of
exposure of the general population to ionizing radiation that arises
from artificial sources.

According to UNSCEAR (1), the average annual effective dose per capita
in diagnostic radiology in the developed countries reaches 1 mSv from
X-ray examinations and G.03 mSv from nuclear medicine procedures.
Exposure of humans to ionizing radiation can be detrimental to their
health. According to the 1990 recommendations of the International
Commission

on Radiological

Protection

- ICRP

(2), a multiannual

average effective dose of 1 mSv can lead to an increase in the death
rate from cancer of a few tens of cases per year per million exposed
persons. It is therefore essential to make every effort to reduce the
effective

dose

to the population by optimization of the medical

applications of ionizing radiations in diagnostic and therapeutic
radiology.

Another factor that significantly influences the benefit to risk ratio
of medical applications of ionizing radiations is the quality of the
imaging and treatment procedures. Defects in the diagnostic imaging
procedure may result in

misleading information to the medical staff.
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This may cause difficulties in treatment and, in some cases, may deny
the

patient

an

efficient

treatment

or

cure.

Problems

in

the

radiotherapy procedures can prevent the attainment of the treatment's
goals,

i.e.,

control

of

the

disease,

relief

from

symptoms

and

ultimately cure. In both cases, the above mentioned problems can lead
to a worsening of the patient's condition, causing unnecessary pain,
permanent physical

injury

and even premature death. These problems

involve also financial implications which are expressed in a greater
number of examinations, treatments, hospitalizations, life insurance
payments, etc., as well as loss of future income.

Since the early 1980s, much data have been collected concerning the
protection of the patient undergoing medical procedures that involve
exposure

to

ionizing

radiation.

Many

national

and

international

organizations published guidelines and recommendations related to the
balance between

the risks

and

the benefits

in the medical use of

ionizing radiation. The awareness of the need for patient's protection
increased also in developed countries and today there are national and
international

activities

to

develop

administrative

and

technical

measures for improving the protection of patients.
In Israel, regulations

require

machines.

The

ministry

of

medical

X-ray

machines

once

include

some

protection
exposure

of

procedures

quality

to

the

in

health

patient.

Israel,

in

control

the patient

and
are

the licensing of all medical
is

conducting

every

checks,

However

1-5

the quality
dependent

years. These

that

the

at

inspection

ensure

prevention
assurance
present

some
of
of

X-ray

of

all

inspection
degree

of

unnecessary
radiological

mainly

on

the

experience and awareness of the local medical staff. There are not
enough official guidelines but some general recommendations for the
users have been published. Additional quality assurance and quality
control programs are run by various radiological institutes on a local
and limited basis.
This presentation will review the recommendations of several important
international and national organizations dealing with the subject of
the patient's protection. We will refer mainly to the reccmmendaticns
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of the ICRP (3-6), NRPB (7), and WHO (8-10). Finally, we present some
draft recommendations for Israel, as follows :
- Launching

regulatory

activities in the spirit of the "Medical

Exposure" chapter in "International Basic Safety Standards" (11).
-

Drawing

up

the

requirements

of

qualifications,

training

and

responsibilities of the medical and technical staff (physicians,
health

physicists,

technologists,

nurses,

etc.)

involved

in

radiology.
-

Establishment

of national

and organizational

quality

assurance

programs.
- Promulgation recommendations for physicians similar to those drawn
up in the U.K. (12) by the Health Authority.
- Instituting comparative dosimetric measurements in various medical
institutes in order to compare the radiation dose to the patient and
the quality of the image/treatment. The findings will serve to
establish specific guidelines in Israel.
- Due to the lack of alternative data in Israel, it is recommended
to adept the guidance levels of the IAEA (11) concerning medical
radiation doses to the patient in diagnostic X-ray examinations and
the maximum activities administered in nuclear medicine diagnostic
procedures.
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Representing the In-Core Fuel Management
as a Large Space Search Problem
by
Alex Galperin
Department of Nuclear Engineering
Ben-Gurion University of the Negev
The In-core Fuel Management task performed by a core design engineer at a nuclear utility
and/or fuel vendor consists of several subtasks, central to which is creating a loading pattern.
Usually, at this stage the length of the power-production period is fixed, as well as enrichment
of the available fresh fuel and burnable poison designs. Thus, the basic task of the core design
engineer is to create a pattern (configuration) of available fuel assemblies for a given core and
under a set of constraints. Accumulated experience plays an important role in the process of
generating a reload pattern; it starts usually by choosing an initial, "reasonable" pattern. The
whole process is then carried out as a series of trial-and-error attempts to improve the initial
pattern by local modification. This description of the process is such that its real nature remains
somewhat obscure. Let us consider an alternative representation of the process as the following
sequence of operations, an algorithm, designed to create a reload pattern under a set of constraints:
1. All available assemblies are arranged as an ordered sequence of fuel
types in order of their consecutive insertion - loading_sequence.
2. A "next" (i.e. first in the remaining loading sequence) is selected and
all available core positions (which satisfy a set of constraints), are
found and used to "expand" all partial solutions generated up to this
point.
3. Step 2 is repeated until all core positions are filled. The resulting set
of configurations represent all solutions to the search problem.
Following the pattern generation process as described above, each reload pattern may be considered as a sequence of decision steps, where at each step one (or more) of the possible
choices for a given assembly placement were selected. Such a procedure is a problem solving
mechanism known as search. A partial configuration may be considered as a state of the problem and the expansion algorithm of this partial solution by adding a new assembly-position
pair is an operator which changes the state of the problem. A problem space, search space,
consists of a set of states and a set of operators1. Thus, all partial patterns which are created,
considered and either expanded or discarded, during the pattern generation process constitute
the search space of the in-core fuel management problem. A problem space is usually represented by a graph (tree) in which the states of the space are represented by nodes and the operators by arcs connecting the nodes
The two parameters of a search tree that determine its s\z* and consequently the efficiency of
various search algorithms are its branching factor and its depth. The branching factor (b) is the
average number of children of a given node. The depth (d) is the length of the shortest path
from the initial state to a goal state. This number (d) corresponds to a number of load (expansion) steps. The d parameter is independent of any chosen search method due to the "natural"
constraint, which requires that all core positions be filled. The width of the tree, corresponding
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to the branching factor depends strongly on the search method and defines the number of partial solutions considered during the search process, as well as the total number of final patterns.
A graphical representation of the search tree is shown in Fig. 1. Limiting the present discussion
to pressurized water reactors (PWR's) and considering a 4-loop plant with 193 core locations
(assemblies), the total number of different core positions is 30. All available fuel assemblies
are divided into 30 fuel types, each type representing a group of 8 or 4 identical assemblies.
Assuming 30 space-tree levels and no constraints, the total number of configurations which are
combinatorially possible is 30!, or about 10^ . This value is large enough to exclude a possibility to perform a meaningful search process. Thus, a sensible way to approach the problem of
reload pattern generation is to apply an effective method to prune the search space.
This limitation may be avoided by using a computerized tool, which captures the knowledge of
an expert in the fuel reload domain and performs an automatic, heuristically guided search procedure. Such a tool, a knowledge-based system , was used in this work to buildup the solution
space, i.e generate of large sets reload configurations.
In this work the search space of the problem was explored by creating and analysing large sets
of configurations. Several thousands of configurations only may be generated as a single set
during one session. Application of the specific set of forbiddance rules in the search process
implies that all configurations contained in a final set represent a sub-space of the total search
space and are characterized by common features. These common features of a sub-space stem
from compliance with a common set of rules.
The basic approach to the investigation of the search space characteristics adopted in this work
is to estimate the size of the whole (combinatorially possible) space, then to estimate the size
of the subset of this space whi~h is meaningfully constrained, and to explore this subset.
Application of a forbiddance rule eliminates part of the branches of the search-space tree. A
correlation between the average reduction factor the size of the final configurations set may
provide some insight. The reduction factor (RF) is defined here as a ratio of a number of all
children of a given node to a number of "permitted" children remaining for the node expansion. Assuming the tree depth d =30, for RF = 2 the search space is reduced by 109; for RF = 3
by 1014 and for RF = 5 by 10 . A practical reduction factor should be a compromise between
the necessity to reduce the search space to a size where a meaningful search procedure can be
performed and the possibility of "missing" a group of good configurations. Experience accumulated by application of knowledge-based systems to PWR reload problems indicates a typical RF value of about 5. Thus, the whole search space for the in-core fuel management
problem may be reduced from 10 32 final states to about 1012 final states.
Reduction of the search space to a size of 1012 configurations allows application of search procedures or constraint-propagation methods with an aim of obtaining an optimized solution. An
optimization routine requires the definition of an optimization parameter or a worth function,
which is to be maximized or minimized. The reload pattern optimization may be based on several worth functions, such as cycle length, fuel cycle cost, fissile loading and leakage. The constraints imposed on a reload configuration are mainly local power peaking and other
parameters related to the power distribution, such as irradiation induced damage on the pressure vessel, control rod worth, etc.
A series of numerical simulation experiments were carried out. According to the limitations
imposed by the hardware (SUN 2 workstation) and the software, in each session a group of
configurations was created containing between 5000 and 10000 patterns. All patterns created
as a group were consistent with a set of constraints imposed by the forbiddance rules. The
search space tree was expanded until the total width of the tree, oi JI other words, the total
number of partial configurations at some level, reached a value between 5000 and 10000.
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Fig. 1 Graphical representation of a search tree (I levels)
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Automatic Control Rod Programming for BWRs
J. Li, M. S. Taner, S. H. Levine
The Pennsylvania State University
University Park, PA 16802
J. M. Carmody, W. G. Lee, J. La. McHale
PECO Energy
Chesterbrook, PA 19087
The objective of long-term control rod (CR) programming is to
develop a sequence of exposure-dependent CR patterns that assure
the safe and efficient depletion of the nuclear fuel for the
duration of the cycle. A two step method was effected in the code
OCTOPUS(1) to perform this task automatically for the Pennsylvania
and Power Light Co.'s (PP&L) BWRs.
Although the execution of
OCTOPUS provides good or satisfactory results, its input and
execution mode has been improved by making it more user friendly
and automatic.
To improve this aspect, OCTOPUS has been coupled to a Bourne
Shell program(2) to allow the user to run the code interactively
without the need for an extensive manual.
In addition, an
alternative method to running OCTOPUS has been developed to
calculate the exposure dependent CR patterns.
This alternative
program, AUTOCROP, employs a heuristic method instead of the
optimization method used in OCTOPUS. AUTOCROP employs a C-language
algorithm to effect the heuristic rules. Both OCTOPUS and AUTOCROP
calculate CR patterns for the PECO Energy BWRs.
The purpose of
this summary is to describe AUTOCROP and the modified OCTOPUS, as
well as the Bourne Shell, which is a system language on the UNIX
program that guides the users to run both AUTOCROP and OCTOPUS
without the need for other than a simple manual.
Both AUTOCROP and OCTOPUS use SIMULATE-3 for performing the
core analyses; the original OCTOPUS used SIMULATE-E.
OCTOPUS
develops semi-optimum control rod patterns based on the method of
approximation programming (MAP).
It determines a control rod
pattern that approximates the target power distribution, P^ • ^ ,
as closely as possible by minimizing the objective functional Z (X.) ,
where
z m

=

T.
1 3

[Pitjfk

-

Pi,

j t k

{x)]

2

K

and P± jtk
^ s the power at node ijk; X identifies a control rod
pattern. The constraint set initially implemented in OCTOPUS did
not represent all of the conditions needed to establish valid
control rod patterns for PECO Energy reactors. For example PECO
Energy requires that in moving control rods, the rod tip does not
pass the rod tips of other nearby partially inserted CRs. Such
constraints are now in OCTOPUS. The initial set of constraints in
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OCTOPUS did include the nodal and radial power shapes, End of Cycle
(EOC) exposure shape, and the criticality constraints. The thermal
limit constraints are easily added. The constraints such as Peak
Pellet Exposure (PPE) for each fuel type, rod position limitations,
and others have been separately effected to be utilized when
preparing the case data for OCTOPUS. Furthermore, OCTOPUS fully
automates the case data generation process to perform successive
depletions during the cycle.
AUTOCROP uses the C-language to incorporate heuristic rules to
develop the CR patterns. AUTOCROP develops a target power shape
similar to that of OCTOPUS. It determines the CR insertions for
each CR position at a given core depletion state by reducing the
difference between the actual core power and the target power for
each node in the 3D nodal power distribution to within an
acceptable tolerance. It first calculates the power distribution
for the core with all CRs fully withdrawn. AUTOCROP then uses an
empirical equation in an iterative fashion to make the 2D CR cell
averaged power shapes agree. The CR positions are then modified
similarly to make the 3D power shape agree with the target power
shape. All of PECO's constraints are satisfied in making these CR
movements.
The Bourne Shell is a driver for the automatic control rod
programming system. It prompts questions to the user requesting
the user to enter the required data files necessary to run either
OCTOPUS or AUTOCROP. The important data files requested are the
standard SIMULATE-3 input file, the CR sequence to be used, the
cycle length, the core operational parameters if different from the
SIMULATE-3 input, step length for each depletion step, and the
target power shape. With these data the Bourne shell program tells
the system locations of the files and activates either AUTOCROP or
OCTOPUS to determine the CR patterns. The target power shape and
other input data can be stored in files. Both codes will generate
target power files if the user does not provide one.
AUTOCROP has been used to successfully run cycle 5 of the
Limerick Unit 1 reactor. Two target power shapes are developed
first by having SIMULATE 3 run two Haling power distributions in
sequence. OCTOPUS employs the same method for determining these
target power shapes. The first power shape is calculated for 85 to
95 % of the cycle for which the flow rate is approximately 94 to 96
% of the full flow rate. The second power shape is determined for
the remainder of the cycle using 100 % flow rate. The first part
of the cycle has the axial power peaked in the lower half of the
core with higher voids in the upper portion of the core to produce
increased amounts of Pu. This increases the cycle length at the
end of cycle when the reactor is run at full flow followed by
coastdown. AUTOCROP produced very simple CR patterns for a few
different target power shapes. Shown below are the results for
running the first Haling calculation at 95% full flow rate and the
second part at 100 % flow rate as shown in Fig. 1.
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Fig. 1 AUTOCROP's CR Positions for Each BU Step

The symbol — is used in place of 48 to highlight those CRs
used to control the reactor. After the first few steps only 3 CR
banks are employed to control the reactor, which is close to the CR
pattern normally employed by these reactors.
The PECO Energy BWRs presently employ the A2 patterns of CRs.
Only the CRs not at 48 (fully withdrawn) shown at the beginning of
the cycle (BOC) are allowed to be moved to produce both the desired
power shape and the critical value for keff or k. The k determined
by AUTOCROP varied between 0.99187 and 1.00729 with most of the
steps being very close to 1.000. The maximum 3D core nodal peak
power varied between 1.831 and 2.232. The peak nodal power of
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2.232 occurred near the end of cycle and is lower than the
corresponding values obtained in actual core operation.
This
should prevent the core from operating outside of the thermal
constraints.
The OCTOPUS code was not made fully automatic in time to
include such results in this paper. OCTOPUS first computes the
optimum
conditions
for calculating
the two
target
power
distributions, based on maximizing the cycle length. It determines
the division in BU between the two steps and the flow rate to
maximize the overall cycle length.
It stores the target power
shapes in a special file which is automatically used in the next
step. The next two steps are now being automated. The next step is
performed to determine the optimum position of the CRs to meet the
target power shape and k. Once this is achieved the core must be
depleted for the first step using these CR positions.
The
calculation proceeds by slightly moving the CRs to adjust for the
BU using the same CR pattern optimization scheme. The core is
depleted as before and the process continues until EOC.
The results for the Limerick Unit 1 cycle 5 core at the BOC is
shown below
02

48
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—
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—

14

—
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—

26

—

20

—

04

—

—

—

The k at BOC is 0.9998 and the 3D core nodal peak power is 2.25.
Further information on OCTOPUS results will be presented at the
meeting.
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A CORRELATION OF THE FISSION PRODUCTS YIELDS
OF DIFFERENT ISOTOPES
Y. Ronen,
Department of Nuclear Engineering
Ben-Gurion University of the Negev
Beer-Sheva, Israel

In recent publicatons(14) it was demonstrated that many nuclear properties
are correlated to the values of 2Z-N of the nuclei. In this respect Z is the atomic
number and N is the number of neutrons. One of the nuclear properties that was
found to be strongly correlated to the 2Z-N values of different fissile isotopes
was the number of the delayed neutrons(1) after fission. The results in this respect
indicates that there is a correlation with regards to the yields of the delayed
neutrons precursors. This fact led us to investigate whether there are correlations
with other fission products yields.
In order to obtain a large data base of fission products' yields we have
considered fast fissions. Another advantage of fast fissions is that the fission
products yields is less sensitive to the energy of the neutrons causing the fission.
In our analysis we have considered seven fast fissile isotopes. The isotopes
considered were 232Th, 2-™U,2 * U 233U, 241Pu 240Pu and 239Pu. The fission
products yields were taken from a compilation used in the KORIGEN code(5),
which is based on JEF-1 library*6'. In our analysis we have considered 576 fission
products isotopes and isomers.
We have found that in most of the cases the fission products' yields are
correlated to the 22-N values of the fissile isotopes (the compound nuclei).
Namely, isotopes with the same 2Z-N values have about the same fission products
yields. Examples for these correlations are given in Fig 1 and 2.
There are three important aspects to these correlations. First, it is an
indication that the value 2Z-N is related to the structure of the nuclei. Second, the
possibility to predict the fast fission products yields of other fissile isotopes with
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no experimental values in particular the fission products' yields of actinides.
Third, to point out on yields which does not fit the correlations, as a possible
error.
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TEMPERATURE DEPENDENT FREE GAS SCATTERING
KERNELS FOR STRONGLY VARYING SCATTERING
CROSS SECTIONS

W. Rothenstein and R. Dagan
Faculty of Mechanical Engineering
Technion - Israel Institute of TechnologyHaifa, 32000, Israel

ABSTRACT
A theoretical discussion concerning the evaluation of the temperature dependent Free
Gas scattering kernel, for deterministic as well as stochastic calculations, is presented. It
is shown that the current procedure for handling neutron scattering in the MCNP Monte
Carlo code [1] is in doubt, when one relies on the Free Gas scattering kernel in the low
epithermal energy region. It is concluded that a corrected procedure should be compared in
detail with the current method in order to determine the magnitude of the differences. One
of the main purposes is to enhance the degree of confidence with which the Doppler Effect
can be estimated for reactor assemblies with the aid of the MCNP code.

Introduction
The MCNP program contains three methods for sampling the new energy and direction
attained by a neutron after a scattering process which it initiated, when it had a known
energy and direction.
•

At sufficiently hig1. neutron energies the thermal motion of the target nuclide is
ignored, implying zero velocity of this nuclide. Under these circumstances the kinematics is straightforward, and refers to a two body collision in which the initial neutron
velocity is the same as the initial relative velocity. The MCNP code has a standard
cut-off of 400.OkT for this approximation, which is about lOeV at room temperature
and higher for operating reactors. For scattering collisions with Hydrogen there is no
cut-off, so that this approximation is never used.
At thermal neutron energies S(a, 0, T) tabulations are available for certain nuclides
in the MCNP library, such as H in light water, and D in heavy water. Here a and
0 are the changes in the neutron momentum and energy in the scattering collisions,
when the temperature of the medium is T, and the changes in the internal energy of
1
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the molecule (or in other cases of the crystal) are taken into account. The MCNP
histories then make use of a temperature dependent double differential probability
density for scattering from an initial neutron energy and direction to other values of
these variables, per unit intervals of the latter.
•

There are some nuclides which do not fit into the categories of the previous two
items. The neutron energy may be below the recommended or desired cut-off value,
above which the thermal motion of the target may be ignored, and above the cut-off
of the S(a,[3,T) tabulations in the evaluated nuclear data, if they are available at all
in the MCNP library. Here the MCNP code adopta a different procedure; it samples
the thermal velocity of the target nucleus (from a Maxwell-Boltzmann distribution),
instead of Doppler Broadening the nuclep.r data, to allow for its thermal motion. This
makes it possible to use, temporarily, a frame of reference in which the nucleus is
initially at rest, so that the kinematics used in the first of the above alternatives
becomes applicable.

The theoretical basis for the sampling agorithm used in the third of the above items
is examined in the sections which follow. Its limitations are discussed, and a correction is
proposed to bring it in line with a recent rigorous formulation of the Free Gas scattering
kernel moments. These considerations are also contrasted with the theory which is used to
derive the double differential scattering kernel for a Free Gas, i.e. its S(a,f3,T).

The Ouisloumen and Sanchez [2] Procedure for the Calculation
of Free Gas Scattering Kernel Moments for Energy Dependent
Scattering Cross Sections
Ouislounic/. and Sanchez have recently shown that the temperature dependent I egendre
moments of the Free Gas scattering kernel can be expressed by the triple integral in equation (1), when the scattering cross section (r'3ab(Er, 0) at 0 K is a tabulated function of
the neutron energy relative to the target nucleus at rest, such as an ENDF/B point cross
section tabulation. The proof of this formula is based on the velocity diagram shown in
the Figure, in which i\ irr. and u refer to the neutron before scattering in the laboratory,
target at rest, and centre of mass coordinate systems, V is the target velocity in laboratory
coordinates, and t/' and v' correspond to it and v after scattering. The Z axis is in the
direction of the centre of mass velocity r.
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The following points have been taken into account in deriving equation (1) :
count:
• All speeds, such as V and u, are made dimensionless by multiplying them by the factor
[777(^4 •+- I) :('2kf)T) ' 2. and energies, e.g. E, are converted to squares of dimensionless
speeds by expressions of the type e2 = (.4 + \)E/(ksT). Also E+ and E~ are the energies (m, 2)(» ~c)2 and (m/2)(w-c) 2 , and t+ and i_ are the corresponding dimensionless
values of the speed u in Centre of Mass coordinates.
• EmaI and E m j n refer to the larger, or smaller, of E and E', and the same holds for € max
and tmin. The values of the Heaviside functions H are unity and zero for positive and
negative arguments respectively.
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The Maxwell-Boltzmann distribution function has been used for the velocity V :

MT{V)dV

= [A

• The value of V2 is related to the neutron speed v before scattering, its corresponding
speed in centre of mass coordinates u, and the speed of the centre of mass c, by using
the relations it = {l/0)(v-V)
and c = (v + AV)/(A+l).
Eliminating v-V one obtains
2
2
2
2
V = (3c - (0 - l)(t; - 3u ), with 0 = (A + l)/A .
• P(u, (lent) i s the probability density per unit interval of (ICM for scattering of a neutron
of centre of mass speed u through an angle, whose cosine is [ICM ', its value is 0.5 in
the interval (-1.0,1.0) for isotropic scattering in the centre of mass coordinate system.
Pn(^iab) is the Legendre Polynomial of order n for scattering through an angle, whose
cosine is f.i(ai, in the laboratory coordinate system.
• The proof of equation (1) involves, apart from 8(u' — u) expressing elastic scattering, two
further integrations in which the integrands contain delta functions. These ultimately
give rise to the integration limits, and the Heaviside functions, which ensure that the
three vectors involved in the change from laboratory to centre of mass coordinates
before scattering, and vice versa after scattering, i.e. u = v — c and v' = v' + c, form
triangles. The symbols above the // of firM and /i/a(, etc. imply the values of these
quantities, which make the arguments of the delta functions leading to equation (1)
vanish. Thus :

flu

,V

i'c-M
('i*h

,-. [ u - c ) ! ( u c ) = ( v 2 ~ i i 2
-

(v'-c)'(u'c)^\{v')2-u2

-c2)/(2uc)
-c2]/(2uc), u ' ^ u

(«' • »)/(«-) = / W v + [(1 - / i ' ) ( l -

fi.)}lfIco8<p

(<'' • v)i'(vv') -- (r , (7) • (c-(- «') - [c2 r cu(fiu + fiu>) +

V2(1-CM\/{VV')
(2)

Ouisloumen and Sanchez \2\ have also shown, that, the moment, of order n = 0 resulting
from equation (1) agrees exactly with the zero'th order moment obtained from S(a,/3, T) for
a Free Gas. when the scattering cross section is energy independent, see M.M.R. Williams,
P .2fi;3j.
It should also be noted that, after division by crJ(E), equation (1) gives the Legendre
moment of order n of the probability density for scattering from one energy to another and
one direction to another for the Kree Cias model, when the neutron scattering cross section is
energy and and temperature dependent. The isot.ropic component, n = 0, is the probability
for scattering from E to £" per unit final energy.

VII

- 17

The MCNP Procedure for Sampling Variables from the Free Gas
Scattering Kernel after a Scattering Event
I he procedure for sampling the neutron energy and direction after an elastic collision
in subroutine- COLIDN of the MCNP code [I] is described below, when the velocity of
the nucleus, with which the neutron interacts, is sampled first from the double differential
probability density

MT(V)

Avi,'(2nk;iT)\3/2exp\-AmV2/(2knT)\

(3)

where fi\( r • I") ( e l ) . T h e M C N P code jl] uses t h e simplified form of equation (3)
for energy independent scattering cross sections, i.e. without t h e ratio of t h e values of
rrs. T h e sampling method is discussed in a seperate paper [4]; this paper also describes
the modifications, which are required in M C N P t o allow for t h e energy and t e m p e r a t u r e
dependence of <T_, fully in accordance with equation (3).
When sample values of the velocity of the target nucleus, V and fiy have been obtained,
the frame of reference can be changed readily to t h e one, in which it is at rest; t h e neutron
velocity then becomes rr
r' \ . Simple kinematics, as followed in t h e M C N P code, leads
to t h e neutron velocity r'r in magnitude and direction after scattering, and t h e scattering
algorithm is completed by finally adding the vector V to rr.
The probability density, which has to be usod in t h e scattering process in t h e previous
paragraph, is / ' ( ' ' • / ' c . \ / ) . s t 'e t h e last but one item after equation (1), t o obtain a sampled
value of t h e cosine of t he scattering angle in centre of mass coordinates. At low epithermal
energies this probability densit\ is constant \U..r>) in t h e entire interval (-1.0,1.0). so t h a t a
sample of //,•;/ is obtained very simply in MCNP. All this is fully consistent with t h e proof
of equation ( 1 ).
It is assumed in M C N P . however, that, the spherical surface element dficAfdQc.w refers t o
the relative velocity rr. or t h e centre of mass velocity ii as axis, so that t h e azimuth angle
Oi-.M is sampled from a constant probability density in (O.27r) in a plane normal t o vr. This
is at variance with equation | 1). in which the corresponding azimuth angle is <p, which refers
to t h e velocity of t h e centre of mass c as axis, and which is shown in t h e diagram. T h e
changes of variable from (//'r.u'/'-V.u ' " ' ' / V ^ - T V are justified by a Jarobian Transformation,
and are an essential step in the proof of equation (1). If t h e M C N P scattering algorithm
is to be consistent with t h e rigorously proved equation (1), t h e azimuth angle which should
be sampled is v v . or p for a known y v Otherwise it is quite possible t h a t a bias may b e
introduced into t h e M C N P sampling procedure.

Conclusion
If is proposed that a change should be introduced into the subroutine COLIDN of the
MCNP code to make the neutron scattering algorithm, which is based on "Sampling the
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Velocity of the Target Nucleus", fully consistent with the probability density from E to unit
energy interval near £", as given in the paper of Ouisloumen and Sanchez [2]. The change
consists of sampling the azimuth difference <p, about the velocity c of the centre of mass (see
the above diagram), from a constant probability density in (0, 2TT), instead of the azimuth
angle 4>CM about the centre of mass velocity u as axis, bearing in mind the constraints listed
in the last item after equation (1).
The corrected procedure will then sample the final energy fom the moment of order zero
of equation (1), or the corresponding probability density. The neutron direction of motion
after scattering should, accordingly, be sampled isotropically with respect to the direction
before scattering, both in laboratory coordinates.
It will be necessary to compare the performance of the proposed new procedure with the
one in current use and with calculated results based on equation (1) by means of suitably
chosen test problems.
In addition the current and the corrected procedures should not be interpreted as a
means of obtaining correlated samples of changes of the neutron energy and direction after
scattering. The double differential probability density for scattering from one energy to
another, and one direction to another, are derived by Quantum Mechanical methods. The
above treatments lead only to one dimensional probability densities, i.e. to the moments
of the scattering kernel or the scattering probability density per unit final energy. For a
Free Gas Quantum Mechanics obtains averages over a Maxwell-Boltzmann distribution of
e.vp(-i'K • Yt) which results from the wave function of the target nucleus. (Here t is the
Fourier Transform variable used in the quantum mechanical treatment, K is the wave vector
for momentum transfer of the neutron, and V the velocity of the target nucleus.) It leads
ultimately to the double differential probability density for scattering from one energy to
another, and from one direction to another.
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CALCULATION OF DOPPLER COEFFICIENT OF
REACTIVITY BY WIMS CODE

Zeev Shayer
AIPAC Computational Models Ltd.

The Doppler coefficient of reactivity is an important factor in prediction of several
transients in Light Water Reactors (LWR) Some of the past studies raised the
question about the 10% uncertainty that traditionally was taken in calculations of
Doppler coefficient by LWR lattice code In order to bridge the gap of lack of accurate
benchmark problem to evaluate the accuracy of Doppler effect, Mosteller et al '
proposed a computational benchmark problem of Doppler coefficient to evaluate the
accuracy and consistency of LWR lattice physics code In this paper we present the
results obtained from WIMS-D42 lattice code and compare it with those obtained by
CELL-2^ lattice code part of the EPRI-PRESS reactor physics package The results
obtained from the Monte Carlo code MCNP-3A4 served as reference for both cases,
and was taken from ref 1
The Doppler Coefficient (DC) feedback effect is defined as the reactivity changes
due to fuel temperature change from Hot Zero Power (HZP) to Hot Full Power
(HFP).
DC-

T

v

nvv

- T
l
w.v

Where the reactivity change was calculated as
vr
_v
_ ^ wvv r v w/v
" • WVV ^^ H7.V

The benchmark problem case is based on an evaluation of finite array of infinity
long PWR pin cell of an "optimized" assembly The geometry of this pin cell was
idealized to three typical homogenized regions fuel, cladding and moderator The
uranium in the fuel pellet is assumed to contain only U-235 and U-238 The
calculations were performed for five enrichments span the range from natural uranium
up to 3 9 wt% enriched uranium, for two basic thermal-hydraulic conditions of PWRs
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at HZP and HFP that differ only in the temperature of the fuel pellet The HZP and
HFP are assumed for a uniform fuel temperature of 600 k and 900 k, respectively
More complete information on benchmark problem description is given in ref 1
The WIMS results presented in this paper are obtained from relatively old version of
the code that designated as D4 version All the WIMS calculations were performed by
using ?>^ approximation and 69 energy groups The convergence criteria for the
eigenvalues were taken as \ 0 \
The eigenvalues computed by WIMS-D4 code for the 10 pin cell cases are shown
in Table 1 along with the calculated results taken from ref 1

TABLE 1
Eigenvalues From MCNP-3A, CELL-2 and WIMS-D4
Fuel
Enrichment
(wt%)

Fuel
Temperature
(k)

Clad & Mod
Temperature
(k)

MCNP-3A

CELL-2

WIMS-D4

0 711

600
900

600
600

0.663 8±0.0006
0 656710 0008

06652
0.6578

06673
0 6591

16

600
900

600
600

0.9581+0.0006
09484+0 0006

0 9605
0 9507

09614
0 9056

24

600
900

600
600

1.0961 ±0.0007
1 086410 0007

1 0989
1 0883

1 0991
1.0875

31

600
900

600
600

1 174710 0007
1 164110.0006

1.1773
I 1663
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Eigenvalue

The eigenvalues calculated by WIMS code have nearly constant bias relative to the
sample mean from the corresponding MCNP-3A and CELL-2 calculations,

i o. oo\o\

.oom
The corresponding standard deviations of Doppler coefficient effect are in order of
10% of the effect itself The traditionally imposition of 10% uncertainty in Doppler
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coefficient calculations is suitable for CELL-2 code, but not so for the lattice code
WIMS as shown in Fig. 1

00-i

MCNP-3A
-10

CEli-2
VWSD4

-20-

-30-

-4 0

-50"

-70 1
00

10

2.0

3.0

4.0

Fuel Enrichment (wt%)

Fig 1 The Doppler coefficient behavior as a function of fuel enrichment for
different lattice codes

In this study we demonstrate the ability of WIMS code to predict the Doppler
coefficient The Doppler coefficient has been evaluated for a typical and idealized
PWR pin cell for the different fuel enrichments Few conclusions can be drawn from
that evaluation First, the WIMS code consistently overpredicts the eigenvalues of
these problems by -0 002 A K, and WIMS predications are relatively close to the
values of eigenvalues that predicted by CELL-2 code with small underprediction bias
The CELL-2 predicts the Doppler coefficient relatively in good agreement with those
calculated by MCNP-3A All the results of CELL-2 fall within a single standard
deviation of the corresponding sample mean from MCNP-3A For WIMS code only
the two first results fall within a single standard deviation Therefore the imposition of
10% uncertainty for CELL-2 code can be justified, but not so for WIMS-D4 code The
suggested uncertainty value for this code is about 15%
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A ONE-DiMENSIONAL MODEL FOR SCOPING STUDIES OF MEASURES
TO REDUCE DAMAGE RATE TO PWR PRESSURE VESSELS

Z. Shayer, I. Soares and E. Greenspan
Dept. of Nuclear Engineering
University of California
Berkeley, CA 94720

In an EPRI sponsored p oject we were to study the feasibility of reducing the Damage
Rate (DR) to the Pressure Vessel (PV) of PWRs using nonconventional materials, such
as tungsten and titanium hydride0"2'. The nonconventional materials were to be placed
i:> either one of the following locations: (1) Dummy fuel assemblies at the core periphery
(the Fuel Replacement (FR) approach). (2) In the radial water reflector (the
Reflector/Shield (R/S) approach), and (3) In the thermal shield (theTS approach). Such
a feasibility study can be (and has been) done as a comparative study. It need; to
estimate :ho DR reduction only relative to a reference approach. It also has to assess the
effects :•:' A new approach on relevant core performance parameters, relative to the
corresponding effects due to the reference approach. The core performance parameters
considered in this work are the reactivity and average-to-peak power density.
The SCALE-4 code system'3' was adopted for the present feasibility study. Selected
modules of SCALE-* were used for each of the four calculational steps: (1) Fuel
assembly

homogenization

and

burnup

calculations; (2) Dummy

assemblies

homogenization; (3) Homogenization of the R/S lattices; and (4) Calculation of the core
power density distribution and reactivity, as well ts of the neutron flux distribution in
the PV. The first three are conventional applications of the SCALE modules. In the
following we shall elaborate on the last step.
Seep 4 calculations are commonly performed using a 2 phase process: (1) Solving the
criticality equation using a few (usually up to 4) group diffusion code, with only a
limited representation of the refk-c '.or. (2) Using a multigroup transport code to calculate
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the neutron flux distribution in the out of core regions, using the fission density
distribution obtained from phase 1 as the source. This 2-phase procedure is usually
adopted in view of the fact that it is difficult to have a multigroup transport code to
properly converge in the solution of criticality problems of large thermal systems such
as PVVRs. We 'ere able to combine the two steps by carefully adjusting the convergence
criteria. Exec,

for the convenience of avoiding the need for employing another

compu'.er co,... (a diffusion code) and cross-section data for the criticality calculations as
well as of avoiding the need for interfacing between the diffusion and the transport
calculations, the calculational scheme adopted for the present study eliminated the need
for preparing few-group cross-sections of the different R/S to be used in the cririca'ity
calculations. Using the multigroup transport equation to simultaneously solve for the
neutron distribution across the reactor enabled us to properly account for all the spectral
effect in a consistent and efficient way.
The one-dimensional discrete ordinates transport code XSDRN was used for this purpose
in the P3-Ss transport approximation and with the 27 neutron energy group library of
SCALE. An extensive series of test runs of different kinds were performed. It was found
that both the point-flux and eigenvalue convergence criteria should be set to 1CT6 for
assuring a proper convergence. Of the different initial flux and fission guesses
considered, the fastest convergence for initial problems was obtained using the following
initial flux guess: a flat distribution of thermal neutrons from the core center up to
approximately 20 cm from the core periphery, followed by a linear drop to 10% of the
central cere amplitude over the outer 20 cm. The thermal neutrons were taken to be
represented by £,i"oup number 2_~. However, using the fission density distribution from
a converged solution as the initial guess far the solution of a similar problem led to the
fastest convergence.
A significant saving in computer time was achieved by performing the first few dozen
of outer iterations using the diffusion approximation opt; .n of XSDRN. During the
iterations the fission density distribution in the core closely approached its converged
distribution, so that the number of outer iterations which had to be performed using the
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port app:

ation (P3-Sg) and, hence, the solution time, were drastically reduced.

¥ ..-'.-/ever, wh

sing the fission density from a previously converged run as the initial

^'j? 5, the fas

convergence was obtained without using diffusion iterations.

C.u? st;

.est runs examined the sensitivity of the calculated results to the

le/inenie:

jhe spatial mesh distribution. A fine mesh was found desirable near water

interfaces.

particular between the core and the reflector and between the PV and the

adjacent water. It was also found that it is sufficient to retain 20 cm of th- concrete and
to place it right after the PV -- i.e., to eliminate the air gap altogether. Firmly, by setting
the XSDRN input options MBAND to zero and ISER to 1, the time to convergence was
reduced by one third as compared with the running time with the NBAND and ISER set
to their default values.
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MODIFYING SCALE-4.1 FOR TRANSMUTATION CALCULATIONS
Z. Shayer, J. Hughes, I. Soares, E. Greenspan and vV. Miller
Department of Nuclear Engineering
University of California
Berkeley, CA 94720
(510) 643-9983

A special sequence of selected modules and data libraries cf the SCALE--1-1 compv.:iv
code package was developed for the study of the feasibility oi transmuting :he
crrinsuraniurr. (TU) isotopes and long-lived fission products (LLFPs) accumulated in
spent fuel from LWRs. The specific reactor type considered for the transmutation '.s a
molten salt reactor that is fueled by, and only by, the TUs and LLFPs from the L~,vR
spent fuel. It is assumed that the molten salt transmuting reic:.:r -'M5TR1'1': is
cjntinuousely fuelled by, and only by, the TUs and LLFPs; the feed-in r;i- •..-.- e a 6 of
the TV 2nd LLF? isotopes is proportional to the relative concentration of the isetop- in
1'he LWR spent fuel. Stable, short-lived and intermediate-lived fission and activation
prcduc. .;.-e continuousely extracted from the molten salt (MS). If the MSTR is to
operace with a constant feed-in and extraction rates at a given power density, an
equilibrium concentration of TUs, LLFFs and other species will eventually be established
in the (MS). The equilibrium concentration is nearly inversly proportional to the neutron
flux level established ir. -hi reactor. Among the questions addressed in this study are the
following: (1) What needs be the equilibrium TU concentration that will enable designing
the MSTR to be critical; (2) What is the equilibrium concentration of all the TUs as well
as of the important FFs; (3) What transmutation characteristics car. be obtained in t'tvMSTR; (4) How do these characteristics compare with those of an accelerator dr:v=:\
subcriticai MS blanket; and (5) To what extent can the addition of military plucorium
improve the MSTR characteristics. The answers are obtained from a parametric study.
The independent variables of the study include the average power density in the MS,
the equilibrium concentration of the actinides in the MS, the rate cf extraction cf fission
and activation products, and the M5-to-moderator volume ratio.
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Tru. .omp^tetior-ii :nod?l developed for this parametric study is similar to the SAS1H
sequence pro /idea ir. 5CA11--. \ fcr LWR me; depletion analysis.(:) It consists o: t'r.e
sequence of codes 5OXAMI, XITAWL ar.d XSDEN (BNX) followed by COUPLE and
OXGD-i. T;ie data libraries we 2re using are also those used in the SAS2K sequence.
Uriortur.-Uely, thi SAS2H sequence was not suitable for our MSTR study. The modified
sequence we set for :h:s study differs from the SAS2K sequence in that it allows to
specify, ir. GRIC-ZX, continuous feed-in and extraction of isotopes. Aiso, the following
additions were acne to the data libraries used by COUPLE and/or ORIGEX to rn-r.ke
vhc-in more suitable for this study: (.1) Fission ar.d removal XSECs for short lived
acrinides such as Xp-23S and Pu-245. (2) Xu values for many actinides ir. ail 3 encrr^rv
groups, and {2} The fission product yield of - : 'Pu was assigned to all the acrnides wh:ch
had r.o F? yield data.
A special algorichm was developed to establish the equilibrium, concentration in ^he
MSTR for a given set of independent parameters. These independent parameters include
the iroderator-to-:'uel volume ratio, average power density, total actir.ide concentration
:n the MS, ar.d extraction rate of the different fission and activation produces. F?r a gy. en
average power density in the MS, J-.e rate of actinide feed-in is first estimated such that
the total number of actinide nuclei fed-in per unit MS volume per unit time equals the
volumetric rare of fissions in the MS. The initial concentration of the important acrinides
ar.d LLFPs in :hi MS is estimated relative to that of ^ ^ u as folknvs: the equilibrium
concentration of ~"Tu times the ratio of the rate of introduction oi the isotope to the rate
oi introduction of : ; i t u , times the ratio o: the thermal group absorption XSF.C of ~Tu
to that oi :he isccope. The "rate of introduction" is defined as the rate of feed-in plus the
rate of production as a result of neutron interactions with other actinides.

The search for the equilibrium composition and for the corresponding system
performance characteristics was done by repeatedly applying :I. • 5XX and the COUPLEORIGEX (CO) sequences. After each bumup cycle., the concentration or each of the
actinides is normalized so that the summed concentration of all the actinides will equal
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:hc' coneenlr.iLior. selected for this particular pcir.t design. A special computer ir.ciulo
was written to perform this concentration normalization, while interfacing between ;he
OxIGL.

c. f'Ut and rhe input to the modules of the BN*X sequence. The cycles- of

'\::n'jp and 3 group pa:

leters (XSECs and flux) updating are repeated until k,_. e.nd

the concentration ci all the important isotopes reach equilibrium values.
Both moderated and unmoderated MSTR systems have been studied. Fig. 1 illustrates
the approach to equilibrium in a typical thermal system. Notice the long time it t'l.cs
to approach equilibrium. However, once an equilibrium solution has been found, :h-3
convergence for similar systems is much faster.The convergence to equilibrium
concentration in tha unmoderated MSTR was more difficult, as their spectrum is very
sensitive to the composition.
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Fig. 1 An illustration of the variation in the flux amplitude (in n/cnr/s) and of K^ for
a well thermalized MSTR featuring 2 mole % actinide concentration in the MS
and a power density of 0.1 kW/cm 3 of MS.
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Environmental Risk Assessment of Radioactive Sources and Materials
Used in Industry, Research and Medicine
J. Koch and T. Schlesinger
Soreq Nuclear Research Center, 81800 Yavne
Sealed and unsealed sources of radioactive materials are routinely used in industry, as
well as in research and medical establishments. Owners of radioactive sources were
recently required by the Ministry of the Environment to submit an Environmental Risk
Asssessment, dealing with both ordinary use of the sources and potential accidents,
and to report about their emergency planning and preparedness. This study presents
the methods and the data necessary to perform a quantitative Environmental Risk
Assessment.
Prototypes of sealed sources are submitted lo special safety performance tests,
including temperature, external pressure, impact, vibrations and puncture tests. The
classification of sealed sources by the International Organization for Standardization
(ISO) is presented, based on safety requirements for typical uses.
In case the sources are exposed to a fire or an explosion, extreme environmental
conditions may develop, for which the sources were not designed. The subsequent
damage to the encapsulation is evaluated. Release fractions are assessed for the
different sources, taking into account the physical and chemical form in which the
material is found (eg solid, liquid or gas, oxide, sintered), its melting point and its
volatility. If the material is released as a gas or an aerosol, it is assumed to disperse in
the atmosphere under different meteorological conditions. Potential radiological
consequences are then estimated for external irradiation due to the passing cloud and
to material which deposits on the ground, as well as for internal irradition due to
inhalation.
A sample calculation will be presented
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Ion-Implantation Induced Microstructural Damage
in a Nuclear Waste Glass
1

R. Evron1, Y. Cohen2, 0 . Regev2 and Y. Eyal3
Department of Nuclear Engineering; 2 Department of Chemical Engineering;
3
Department of Chemistry
Technion - Israel Institute of Technology, Haifa 32000, Israel
Hj. Matzke
Institute for Transuranium Elements
Commission of the European Communities
P.O. Box 2340, 76125 Karlsruhe, Germany
K. Tinschert
Gesellschaft fur Schwerionenforschung
P.O. Box 110552, 64220 Darmstadt, Germany

Borosilicate glasses are presently the matrix accepted worldwide to solidify high-level
radioactive waste from reprocessing fuel elements of nuclear power stations. The glass
will experience radiation damage from alpha particles and their associated alpha-recoil
atoms, from beta particles (electrons) and from gamma rays. From the viewpoint of the
wasteform stability, the most serious radiation effects are expected to be phase separation, pore and/or bubble formation and microfracturing. These types of microstructural
damage may significantly increase the leachability of the primary waste-storage material.
The present research is concerned with radiation-induced microstructural damage in
the German simulated nuclear waste glass GP 98/12 [1]. This borosilicate glass (density
2.83 gcm~3; major components of the base glass, in approximate mole percent, are S1O2
- 55, Na2O - 16, B 2 O 3 - 10, CaO - 4, TiO 2 - 3, MgO - 3, A12O3 - 2) contains ~6 mole
percent (~15 weight percent) non-radioactive waste oxides. The main waste components
are the rare-earth oxides, the oxides M0O2, ZrO 2 , Cs2O and BaO, and the rare metal
fission products. Radiation damage in ~ 5 fim thick glass targets (foils prepared by glass
blowing; thickness monitored by optical interferometry) was produced by separate beams
of 200 and 320 keV He + ions at fluences of ~ 3 x l 0 1 6 and 4xlO i e cm" 2 , respectively, and
of 225 keV Kr + and Xe + ions at fluences of 4xl0 1 8 cm" 2 . Damage characteristics in
each target were investigated first by SAXS (small-angle X-ray scattering). Following
this non-destructive determination, the target was investigated by TEM (transmission
electron microscopy). The absence of microstructural damage in the as-prepared glass
foil was verified carefully by a detailed SAXS measurement before irradiation, which also
provided the sample background SAXS intensity. Precipitates of the waste rare metals
contributed to this background intensity. The metal particles were clearly observed by
TEM in unirradiated portions of GP 98/12 foils, which served as control samples for the
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TEM analyses. These metal particles were also clearly resolved from all post-irradiation
damage features. Ion irradiations were performed at GSI, Darmstadt, and at Technion,
Haifa. SAXS measurements were carried out at Technion, utilizing Cu K a X-ray beam and
a compact Kratky camera [2]. The measured (smeared) intensity curves were desmeared
using the indirect transformation method proposed by Glatter [2]. The TEM analyses
were conducted at ITE, Karlsruhe, employing a 200 kV Hitachi TEM.
Two distinct radiation effects were observed by SAXS and confirmed by TEM. The Heirradiated foils have indicated increased SAXS intensity with little angular dependence,
as shown in Fig. 1 for one of three He-irradiated targets. This behavior suggests the importance of enhanced density fluctuations, that may be attributed to radiation-induced
material distortions having atomic to molecular sizes (point defects). The TEM measurements on these targets have revealed featureless material. The absence of a TEM signal
is fully consistent with the above interpretation of the SAXS results, because detection of
point defects by TEM is impossible due to their very small geometrical dimensions. The
foils irradiated by Kr+ and Xe+ ions have clearly shown, in contrast to the above results,
a rise in the SAXS intensity with decreasing angle at small angles. The measurements on
the Xe-irradiated GP 98/12 foil are displayed in Fig. 2a. The effect may be attributed
to radiation-induced sizeable scattering centers having colloidal dimensions. Extended
defects such as pores and/or bubbles are possible candidates. The distance distribution
function (Fig. 2b) and the Guinier plot (Fig. 2c) that were extracted in the analysis
suggest the presence of essentially spherical scattering centers having an average diameter
of 17 to 18 nm. Nearly similar SAXS results were obtained for the Kr-irradiated GP
98/12 target. These analyses are fully consistent with TEM measurements, which have
clearly shown high concentrations of pores and bubbles. All data are well represented by
the TEM micrograph in Fig. 3, taken with the Xe-irradiated GP 98/12 foil. In addition
to the metallic particles mentioned above (size range 10 to 45 nm; this precipitation is
not a radiation effect), the microstructure in Fig. 3 was characterized by a high density of
small bubbles in the size range 5 to 50 nm, of which a proportion were irregularly shaped,
and by a population of much larger features, resembling bubbles or cavities with largely
irregular shapes, in the size range 5 to 400 nm. The majority of the features of the latter
group are much too large to be detected by SAXS. The average size of the bubbles of the
first group was found to be approximately 18 nm. This value is in excellent agreement
with the SAXS analysis described above.
The presence of the inert gases (excluding He) in the irradiated samples was verified
by energy dispersive X-ray spectroscopy. The areal resolution is not sufficiently sensitive,
however, to allow the determination of the gas distribution among the various microstructural features. It is also unknown if and to what extend the bubbles contain Oa that may
have been produced in ionization-induced radiolytic decomposition of the glass, as suggested by DeNatale et al. [3-5]. The absence of this information as well as the very
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Fig. 1. Panel a: Measured (smeared) SAXS intensities (in arbitrary units) of GP 98/12
glass before irradiation (lower curve) and after irradiation by 200 keV He + ions
at a fluence of 3.1 xlO 16 cm" 2 . Panel b: Net increase of scattering intensity after
irradiation. The quantity h = (4ir/A)sin9, where A is the wavelength of the X-ray
radiation, is essentially proportional to the scattering angle 20.
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2. Panel a: Measured SAXS intensities from a foil of GP 98/12 glass before
irradiation (lower curve), and after irradiation by 225 keV Xe + ions at a fluence
of 4xl0 1 6 cm" 2 . The quantity h is as in Fig. 1. Panel b: Distance distribution
function, P(r), from SAXS analysis. The quantity r is a distance within the average
extended scattering center. Panel c: A Guinier plot (linear line) for the desmeared
intensity curve (circles).
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Fig. 3. TEM micrograph showing pore/bubble formation in a GP 98/12 foil after
irradiation by 225 keV Xe + ions at a fluence of 4xlO 16 cm" 2 . The area shown is
2000 x J500 nm2.
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complex microstructure prevent an accurate pore/bubble density determination by SAXS
at the present time. Excluding all large irregular features, the bubble density in the Xeirradiated GP 98/12 sample (Fig. 3), as monitored by TEM, is estimated to be ~5xlO 15
cm" 3 .
Point defects in ion-irradiated glass originate primarily from dissipation of the ion
energy via nuclear stopping. The process occurs via a series of atomic collision cascades
that involve many neighboring atoms of the glass matrix. For low-energy He + beam, each
projectile is expected to displace ~130 atoms, mainly near the end of the ion trajectory
(computations by TRIM [6]. The mean projected ranges of 200 and 320 keV He+ ions in
GP 98/12 are estimated to be 0.89+0.12 and 1.2±0.12 fim, respectively. The uncertainty
represents the straggling range.) Apparently, with the He-ion fluences of the present
experiments, the above point defects remained largely isolated, as it is evident from the
observed isotropic X-ray scattering intensity. With low energy Kr and Xe ions, the atomic
displacement damage is relatively dense essentially along the entire length of any single
particle trajectory (the mean projected ranges of 225 keV Kr + and Xe + ions in GP
98/12 are estimated to be 0.11±0.03 and 0.07±0.02 ^jm, respectively. The average atomic
displacement yields are approximately 2300 to 2400 matrix atoms per ion). Accumulation
of significant amount of damage is associated with accumulation of stress, and stress
release may lead to the formation of extended defects such as pores. In addition, point
and extended defects serve as efficient traps for inert-gas species, which in turn may
control the pore growth. These arguments may explain the nature of the microstructural
damage observed in the GP 98/12 samples after their irradiation by the Kr and Xe beams.
The results of the present Kr and Xe-implantation experiments are consistent with
those of DeNatale, Howitt and Arnold [5] who demonstrated bubble/pore formation in
an American simulated nuclear waste glass (PNL 76-68) after irradiation of the glass by
2xl0 1 6 cm" 2 25 keV He + ions, 3xlO 16 cm" 2 85 keV Ar+ ions andoxlO 1 4 cm" 2 Pb + ions.
Damage characterization in these experiments was solely based on TEM. In contrast to
arguments specified in the previous paragraph, DeNatale et al. [5] have correlated bubble
formation by the ion irradiation to the electronic stopping component of the energy deposition. This explanation was based on observation of similar radiation effects produced
in the same waste glass by the TEM electron beam [3,4j. Electron beams are essentially
pure ionizing radiation. The present GP 98/12 glass is also known to be very sensitive to
electron beams [7]. Nevertheless, the absence of extended microstructural defects in the
present He-irradiated samples, which were exposed to nearly similar doses of ionizing radiation as the other ion-irradiated samples, rule out the importance of glass decomposition
by ionization events in the present experiments.
In summary, employing SAXS, this study has provided first experimental evidence for
the accumulation of point defects in He-irradiated nuclear waste glass. In addition, pore
and bubble formation by low-energy heavy ions has been verified by two independent
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experimental techniques. This approach is highly justified because the glass microstructure observed by TEM is known to be sensitive to the microscope electron beam. The
relevance of the present research for predicting the behavior of a nuclear waste glass under
self-irradiation by alpha particles and alpha-recoil atoms is obvious. The interaction of
displacement character of alpha particles (typical kinetic energy ~ 5 MeV) with glass
is largely similar to that of 200 or 320 keV He + ions, taking into account that the excessive energy of the former particles is dissipated primarily via electronic stopping. A
similar equivalence is approximately true for heavy alpha-recoil atoms (typical kinetic
energy ~100 keV) and low-energy Kr + and Xe + ions, although the alpha-recoil atoms are
not inert-gas atoms. This assessment is supported by the significant porosity that was
produced in the PNL 76-68 glass by the low-energy P b + ions [5]. Thus, the two types
of radiation from alpha decay will produce point microstructural damage, and possibly
extended defects as well, in common types of nuclear waste glass.
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Occupational Exposure of Diagnostic Radiology Staff
T. Biran, S. Malchi and Y. Shamai
Soreq Nuclear Research Center, Yavne 81800
The Israeli Dosimetry Center operated by the Radiation Safety
Department at Soreq NRC serves approximately 10,000 radiation workers
in Israel. Medical, educational and industrial staff were monitored
monthly or bi-monthly during the years 1991-1994. Most of the
radiation workers were monitored for whole-body exposure (chest badge)
while about 800 workers, especially medical employees, were
outfitted in addition with head and/or hand badges.
An investigation was initiated whenever one third of the dose limit
was exceeded in a single dosimetry period: 1.25 mSv/month for
whole-body, 3.75 mSv/month for eyes (head), or 12.5 mSv/month for
hands, legs, or skin.
During the last couple of years it became obvious that most of the
investigations were initiated, almost on a regular basis, for a small
group of medical personnel.
Table 1 summarizes the number of investigations exceeding the dose
limit of whole-body or eye, initiated in the years 1991-1994.
Table 1. Investigations of whole-body and eve exposures during the
period 1991-1994
number of
Year
workers
Number of investigations
eve (2)
total medical total fl)
4780
28
8122
75
1991
5200
82
29
8615
1992
6190
124
53
1993
10361
154
82
1994
10900* 6500*
* Estimate, based on records from 6 months in 1994.

%
(2)/(l)
37.3
35.3
42.8
53.3

Table 1 shows that the number of investigations increased
significantly from 1991 to 1994, while the number of monitored workers
increased less sharply during those years. The percentage of the
investigations due to exposure to the eye, relative to total
investigations due to exposure of whole-body and eye, increased from
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approximately one third of the cases in 1991 to more than half of them
in 1994. These large occupational exposures were received mainly by
physicians who, to the best of our knowledge, perform vascular and
interventional procedures using fluoroscopic X-ray machines. These
physicians are exposed for a long time each day, mostly to X-rays
scattered by their patients. During these procedures, the physicians
typically wear protective aprons and in some cases thyroid shields and
lead containing eyeglasses.
Table 2 details the 25 (out of 342 head dosimeters monitored)
radiation workers whose head badge records showed an exposure above
10% of the annual limit to the eye, >15 mSv, their respective
whole-body measurements from chest dosimeters, the ratio of head-tochest records, and the EDE (effective dose equivalent) calculated
according to the equation given by Webster and according to the more
conservative approach of 0.3 x head dose measurements [1], Webster
proposed to use both dosimeters to evaluate EDE. The EDE, Hr, could be
calculated according to the empirical equation: 1.5H, + 0.04H,, = Hp
for working with X-ray generated at 60-120 kVp and using a 0.25 to
0.5-mm lead apron, when H, is the dose equivalent recorded by a waist
(or chest) dosimeter worn under the apron and H ? is that recorded by a
collar dosimeter worn above the apron. The use of the readings of both
dosimeters for the EDE is somewhat dependent on the energy of the
X-rays and on the thickness of the lead apron. Webster's coefficients
are based on the measurements of Faulkner and Harrison [2] who
measured or calculated doses to specific organs from radiation
scattered from a phantom on an examination table scattered to a Rando
phantom located besides the examination table for a range of X-ray
tube potentials and lead apron thicknesses. The EDE was calculated
from organ doses and surface doses which were recorded at four frontal
locations on the Rando phantom. It was found in the literature [1]
that the surface badge located on the head greatly overestimated the
EDE (a factor of up to 22), while a badge worn at the waist under the
apron underestimated it (by a factor of up to 0.3). The sum of the two
badge readings with the suitable weighting factors was shown to yield
"0.95 Hr when a 0.5 mm lead apron was used and 0.99 to 1.48 Hr when a
0.3 mm lead apron was worn by the medical personnel. ICRP no. 35 [3]
and NCRP Report no. 57 [4] recommend the use of two dosimeters, one
over and one under the protective apron, for high medical exposure. A
debate on this issue can be found in several papers [5-8]. The use of
two monitors by diagnostic radiology personnel has the advantage of
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monitoring occupational exposure to the eyes and the ability to
calculate a more accurate EDE, while the disadvantages include higher
costs and the potential for confusion by personnel about wearing the
two badges in their correct locations [5].
Table 2- Annual exposures of eye and whole-bodv in the period
Julv 1993-June 1994
EDE calculations (mSv)
measuerments (mSv)
Head m chest
Ratio head/chest Webster <xiuation 0.3xhead
1
2
3
4

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26.7
30.5
33.0
17.4
14.6
18.5
15.1
22.8
16.7
15.4
107.5
16.9
19.3
111.0
15.5
36.3
22.8
15.5
33.0
15.0
21.1
69.8
16.0
17.5
100.5

6.0
4.0
7.2
0.2
0.0
0.7
2.0
5.1
2.2
0.6
13.4
0.5
5.6
6.7
0.7
2.8
4.7
0.7
2.7
5.0
2.7
0.8

2.4
5.6
7.3

4.5

10

8.5
4.5
87.0
26.5
7.5
4.5
7.6
25.6
8.0
34.0
3.5
16.5
22.1
13.0
4.9
22.1
12.2
3.0
7.8
87.2
6.6
3.1
13.7

7
12
1
2
4
9
4
2
24
1
9
14
2
6
8

2
5
8
5
4
4
9
15

8
9
13
5

4
7
5
7
5

5
32
5
6
33
5
11
7
5
10
5
6
21
5
5
30

Table 2 shows that four workers were exposed to about half or more
of the annual limit to the eyes, while only one whole-body record
shows a significant exposure to about one quarter of the annual limit.
Following these reported findings, the physicians who were exposed to
high eye doses reduced their workload and were persuaded to use
protective devices most of the time.
The ratios of head-to-chest dosimeter measurements are mostly from
3 up to 26 (other than three cases), similar to the ratios found in
the literature, 6 to 25 [4].
Values of EDE of 1 to 24 mSv were obtained using Webster's
equation, whereas the values obtained by multiplying the head
measurements by a factor of 0.3 were slightly higher: 4-33 mSv. Our
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Dosimetry Center will continue to record all badge readings, and in
cases where protective devices are being used, investigations will be
initiated according to Webster's formula.
Another major concern in diagnostic radiology is the occupational
exposure of pregnant workers. Faulkner and Marshall [9] investigated
experimentally, under typical fluoroscopy conditions, the relationship
between dose recorded by a dosimeter worn under a lead apron at the
waist and the dose to the uterus. It was found that in this situation
a dose limit of 2 mSv on the surface of the abdomen of a pregnant
staff member for the duration of the pregnancy as recommended by ICRP
60 [10], will limit the dose to the fetus to less than 1 mSv, as
recommended by ICRP 60 to a member of the public [10]. Since the
reporting level in our service is 0.1 mSv/month as of January 1994 we
conform to the ICRP recommendations for monitored pregnant staff
members.
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THE MEASURING OF THE FADING OF CaF-:Tm TLDs BY COMPUTERIZED
GLOW CURVE DECONVOLUTION AND MANUAL ANALYSIS

B. Ben~Shachar
NRC-Negev, P.O.B. 9001, Beer-Sheva, 84190

Abstract.
The fading of CaF2:Tm during one month was measured in the usual
manual method (whole glow curve integration), as well as using
computerized glow curve deconvolution (CGCD). The last method enables
us to measure the fading of each peak alone. We received a fading of
about 20% for peak 3 and no measurable fading for peak 5 after one
month. In the first method we used G-3 cards, as well as TLD-300 chips,
performing different thermal treatments. The optimal post-irradiation
annealing was found to be 110°C/10 min and the whole glow curve fading
at these conditions was found to be about 5% per month.
Introduction.
The CaF~:Tm (TLD-300) is one of the useful TLDs since Lucas and
Kapsar (1) pointed out that its high peak temperature sensitivity to
neutrons is greater than for photons. Its sensitivity is higher by a
factor of 7-10 compared to LiF (TLD-100) for
Co gamma rays, thus it
should be useful for low dose measurements and integration over long
periods (environmental dosimetry, archeology).
The glow curve of CaF^rTm has 6 peaks between room temperature
and 300°C. Peaks 4 and 6 cannot be separated from the main peaks (3 and
5) using conventional glow peak analysis (without deconvolution). On
the other hand, there is a well defined separation between the low
temperature peaks (2 and 3) and the high ones (4, 5 and 6 ) , almost
without overlap. An increased sensitivity of the high temperature peaks
to high LET radiation had led to various attempts to apply the high
temperature glow curve structure to neutron and gamma ray
discrimination (2), pion and heavy charged particle dosimetry (3) and
estimation of X-ray radiation field effective energy (4).
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In the present research we measured the fading of CaF -Tin during
one month by conventional glow curve analysis (integration of whole
glow curve), as well as by the CGCD.
Materials and methods.
The fading measurements were performed by using Harshaw
3
manufactured TLD-300 chips (3.2 X 3.2 X 0.9 mm ) and G-3 cards (each
of them containing two TLD-3GG chips). Four groups of TLD-300 chips,
137
each of them containing 24 chips, were irradiated by
Cs gamma rays
to a dose of 5 mGy and evaluated by a manual Harshaw reader, model
2000C. The heating from room temperature to 300°C was performed in a
linear heating rate of 18°C/sec. All the TLD-300 chips were annealed
before the irradiation to 400°C/lh. The chips of the first group has no
post-irradiation annealing; the other chips were annealed after the
irradiation for 10 minutes to 90°C, 110°C and 130°C. The first postirradiation annealing reduced significantly peak 2; the second one
canceled peak 2; the third one canceled peak 2 and reduced peak 3. Each
group of the 24 chips was further divided into 6 subgroups of 4 chips;
each subgroup was irradiated to the same dose and evaluated after
different periods of time. Eighteen G-3 cards were divided into 6
subgroups and irradiated to the same dose, like the chips. The cards
were evaluated by an automatic Harshaw reader, model 2271. The heating
rate was about 30°C/sec.
The measurements using the CGCD method were performed by TLD-300
hot pressed chips, annealed in air at 400°C/lh, followed by a fast cool
to room temperature on an aluminum block, before the irradiation. The
glow curves were analysed using the CGCD technique developed in the
Ben-Gurion University in the Negev and described elsewere (5,6).
Experimental results.
The fading of the G-3 cards and the TLD-300 chips for different
post-irradiation annealings is presented in table 1. The uncertainties
of the results is the standard deviation obtained from the different
results of the individual chips in each subgroup.
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Table 1 : The fading of G-3 cards and TLD-300 chips (%).

G-3
no anneal.

T L D
no anneal.
12.8H.2

4
8
15
22

23.9+2.1
33.8±2.2
36.9±8.2
37.4±1.4
38.5±3.2

31

41.9±2.8

16.5±1.6
20.H0.9
22.3±3.3
25.612.4
33.3+2.2

Period
(days)
1

-

300

90°C

110°C

130°C

6.3+1.2

3.4+1.2

4.2+2.2

6.8+1.1
7.3+1.8
8.9+1.4

4.6+1.1
5.2±1.4
4.5+1.2

8.8+4.0
8.9+3.1

5.511.1
5.0+1.7

6.5+4.3
7.1+0.3
4.7+3.0
7.2+1.4
8.9+3.1

From the results of table 1 we can conclude the followings:
(a) The fading of G-3 cards, without any thermal treatments is very
high: 23.9% after one day, 36.9% after one week and 41.9% after one
month.
(b) The fading of the TLD-300 chips, annealed at 400°C/lh before
irradiation, but without post-irradiation annealing is less than the
fading of the G-3 cards, but still high; it is mainly caused by peak 2.
Most of the fading occurs during the first week, after that peak 2
disappears.
(c) A great reduction of the fading is obtained when post-irradiation
annealing is applied. The optimal post-irradiation annealing is for
110°C/10 min, where peak 2 is completely canceled, but without reducing
peak 3.
We have measured the fading of different peaks using the CGCD.
The results of the fading of peak 2 are not interesting (because the
intense fading of this peak during the first week) and peak 4 has a low
intensity (several percent from peak 5+6). Figure 1 presents the fading
of peak 3 and peaks (5+6) following CGCD. Peak 3 indeed fades ~12% in
the first day following the irradiation and then an additional 2% per
week over a 2.5 month period. Peaks (5+6), however, are completely
stable, as expected, over the 2.5 month period studied.
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Conclusions .
1.The fading of CaF_:Tm is high; it is mainly caused by peak 2
and peak 3 in the glow curve.
2.The fading of the TLD-300 chips can be greatly reduced by preirradiation annealing of 400°C/lh and different post-irradiation
annealings. We have found that the optimal post-irradiation annealing
irs at 11G°C/1G rain, where a high fading reduction is obtained, by
completely removing peak 2 while peak 3 remains constant.

3.The G-3 cards can not be annealed because they contain glue. The
correction of the dose due to the fading can be performed by applying
an empirical factor, as described in an earlier paper (7).
4.The CGCD enables us to measure separately the fading of each
peak. We got that the high temperature peaks (5+6) have no measurable
fading during the measured period of 2.5 month, while the fading of
peak 3 alone is high in the first day (about 12%) and an additional ~ 2 %
per week during the measured period.

Figure 1 : The fading of peaks 3 and 5 using CGCD.

r
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Water Quality Control - Determination of Gross Alpha
Gross Betta Radioactivity in Drinking Water in Israel

and

O.Even, M. Margaliot, Y. Shamai and T. Schlesinger
Soreq NRC, Yavne 81800

1. Background
The Nuclear Measurement Unit in the Radiation Safety Department,Soreq NRC
(RSDS) serves as an authorized laboratory for water quality measurments in
all aspects related to limitations on the concentration of radioactive
materials in drinking water in Israel.
Israeli regulations require that the concentration of radioactivity in
drinking water should not exceed 0.1 Bq/1 gross alpha, and lBq/1 gross
beta.
2. Collection of samples.
Water samples are collected from springs and wells and brought to RSDS by
Mekorot, the major water supplier in the country. The samples are collected
in 1 liter plastic bottles from all springs and wells owned and operated by
Mekorot. Before shipment to RSDS the samples are analysed for Pottasium
content.The samples are acidified by adition of HC1 to prevent
precipitation of solids on the containers walls. Each bottle is marked and
its Pottasium content (in mg/1 units) noted.
3. Preparation for counting.
Aliquotes of 100 ml are taken from each bottle,in duplicate .The aliquotes
are slowly added on stainless steel hot plates and the evaporation process
is carried slowly on hot plates by maintaing a temprature of 95 degrees
centigrade. After completion of the evaporation process the stainless steel
plates with the residue dry preciptates are stored in a desicator at room
temprature (to avoid collection of humidity).
4. Counting.
4.1 General.
The samples are counted for gross alpha and gross beta in a 2
gas flow
proportional counter with automatic sample changer .The counting system
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includes an addional anticoincidence guard counter to reduce the influence
of external radiation. Differentiation between alpha and beta counts is
achieved by using different energy windows.

4.2 Counter parameters and calibration data.
Detector active diameter
84 mm
Sample size diameter
76 mm
Conting efficiency, beta point source
45%
(Sr-Y-90)
betta 2" plate source
32%
(Sr-Y-90)
alpha point source
30%
(Am-241)
alpha 2"plate source
22%
(Am-241)
Interference of betta windows in alpha counting is abount 0.5%.
beta background count rate 2.1 cpm.
alpha background count rate 0.14 cpm.
typical counting time
120 min/sample.
Activity is determined by using the average results of 2 samples from
each bottle.
4.3 Self absorbtion for alpha counting .
EPA's code of practice for alpha counting recommends to use samples with
a thickness of less than 4 mg/cm sq, To avoid significant self absorbtion.
(with such thickness the self absorbtion correction is about 20%).
Taking the area of our samples into account (45 cm.sq.), the maximal
tolerable concentration of dissolved solids in the original water is 1800
mg/1. From experience this limit is rarely reached in drinking water. In
case of some indication for elevated alpha activity a smaller aliquot is
being prepared .

4.4 Detection threshold.
The detection threshold of our system is taken to be equal to 3 standard
deviations of the background. For percipitates of 100 ml water counted for
two hours this threshold is 0.075 Bq/1 for alpha counting and 0.17 Bq/'i
for beta counting. These values are lower than the required limitations for
drinking water (0.1 and 1.0 Bq/1 respectively).
!L Results.
Hundreds of wells were sampled during 1993 and 1994, the water from most of
them was found to be clean of radioactivity . A cocentration of 3 Bq/1 of
Ra-226 was measured in one well. We detected concentrations of 0.2-1.5 Bq/1
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Ra-226 in some samples from other wells in the same region. Following
gross alpha counting the samples undergo a procedure of outgasing and the
presence of Rn-222 is the quantitative indicator of Ra-226, which is
assummed to be the main alpha emmiter in these samples.
In addition to the high concentrartion of radioactivity found in some of
the water sources, the water from these sources is too salty and contains
many other minerals. Mekorot therefore treats the water from these sources
by filtration, dilution and desalination before allowing it into the
drinking water system. The concentration of radioactivity in the resulting
water is consequently below the limits.
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RF radiation absortion by birds passing a large SW station.
M. Margaliot and R. Rupin
Soreq Nuclear Research Center
and B. Pinshaw
The Blaustein Institue - The Ben Gurion University
Introduction:
A large (8 MW total transmitted power) SW (4-26 MHz) broadcasting
radio station was intended to be erected in the Arava region, in
southern Israel, by the U.S. IBS for the VOA (Voice Of America)
network.
The intended location of the station coincided with the main
souht-north migration pathways of the migratory birds in our region.
The possibility was raised, that this very large bird population may
be endangered by exposure to the VOA RF fields.
The present work was aimed at assessing the exposure of the birds
in this area, as a part of the attempt to assess the RF radiation risk
to the birds, on the basis of currently available knowledge, regarding
RF effects on biological systems.
The assessment was thus conducted using the following inputs:
I. RF field intensities at the intended VOA station site.
II. Coupling efficiency of the RF fields to the specific birds
passing in the region.
III. The flight modes of the various birds, and their effect on the
actual exposure of these birds to the RF fields.
In the following, a brief prssentatin of these inputs, and the
resulting RF exposure estimated by us, is given.
I. RF fields: These fields are an integral component of the stations
design, and were given to us by the designer (Karshner, Wright &
Haggman 5730 Washington drive, Alexandria, Virginia 22312 - USA).
Numerical information derived from their data curves (for various
hights), was inserted into our program, and was ussd to build a
3-dimensional power density map of the region of the station (each
pixel measuring 5X3X3 metars) using cubic spline interpolation.
II. RF cauolinc efficiency. It is currently accepted that the main (if
not only) s-f=c* of RF absorption by living tissue-, is trie absorption
of radiative energy by the tissue, (resulting in temperature
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elevation) rather than the direct effect of exposure to electric and
magnetic field per se. (MaS9, RE88, IR88).
It thus follows that the relevant physical quantity of exposure, is
the absorption of energy. The common unit for this in the RF field is
the SAR (Specific Absorption Rate) in units of W/kg.
Extensive theoretical and experimental work (Ru78, Ga80) has
established a complex relation between the power density (in units of
2
W/m ) , incident on a biological body, and the resulting SAR in this
body. This relation takes into account variables such as the body
dimensions versus the RF wavelength, the conductivity of tissue at the
frequency of interest, and the polarization direction of the radiation
versus the long dimension of the body.
This relation is presented in fig 1, for models of man, monkey and
mouse, where the long body dimension of each is parallel to the
electric vector, (after Du79).

<

f(MKz)
Fig I: Average SAR for an incidend power density of 10

From fig 12 it is apparent that a resonant frequency exists, for which
the SAR is at maximum for a elvers sewer densitv flux.
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We based our computations on the methods presented by Gandhi (Ga80)
and Ruppin (Ru78), thus deriving the following relations:
(1) F r = H4/L
where F is the resonant frequency in MHz, and L is the long dimension
of
the
body,
in
meters.
(2) SAR (W/kg) = 0.83 P L 2 / M (26/F r ) 2 > 7 5
and:
(3) SAR (W/kg) = 0.49 P L 2 / M (26/F r ) 2

(Fr<52 MHz)
(Fp>52 MHz)

where SAR (W/kg) is the energy specific absorption rate, P is the
incident power density, in W/m units, L is the length of the body in
meters, and M - its mass in kg. F r is given by Eq.l.
(eq.2. is valid for Fr<52 MHz, while eq.3. is valid for Fr>52 MHz).
Eq.1-3 served as a basis for the computation of the radiation stress
on the birds in the region of interest.
III. Data on birds: The data we used for our computations was
obtained by the Blaustein Institute for Desert Research (BIDR) and
the Swiss Ornithologic Institute (SOI). Table 1 below presents the
relevant prameters of 11 representative birds.
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Table 1: physical data for 11 birds, typical to the Arava region.

wing span (m)
i
\

feathered

mass
kg )

naked

0 .195

0 .085

0 .25

0 .13

0 .36

0 .20

0 37

0 .25

0 58

0 .34

0 98

0 .62

0 775

0 .425

1 60

0 .80

0. 48

0 .23

2. 60

1 .76

2. 90

1 .62

No.
T,ne

u ir u

0 .010 Willow Warbler
Phylloscopus trochilus
0 .018 Garden Warbler
Sylvia borin
0 .095 Song Thrush
Turdus philomelos
0 .035 Little Stint
Calidris minuta
0 .230 Ruff
Philomachus pugnax

1 .2

Mallard

Anas platyrhynchos
0 .30 Kestrel
Falco tinnunculus
4 .00 White Stork
Ciconia ciconia
0 .045 Common Swift
Apus apus
Steppe Eagle
4 .85
Aquila nipalensis
6 80 .appet-faced Vulture
Torgos tracheliotus

.1
.2
.3

.4
.5
.6

.7
.8
.9
.i0

.11

The data in table 1 was used for estimation of the SAR of the various
birds passing the station region.
As is apparent from eq.l, for the station frequencies (4-25 MHz),
the shortest resonant length (for the highes frequency) is -4 m.
It thus follows that the peak SAR will occur in the largest birds.
The momentary SAR obtained by apDlication of eq. 1-3, has then to be
averaged over time. Regarding thermal damage, which is the main
mechnisem for biological damage by RF exposure, the accepted averaging
time is 6 min (Ma89, IR88), and the SAR of the birds has thus to be
averaged over this period.
To compute this average exposure, the flight path of the birds in
the station region must be considered. Information on flight modes in
the station region were gathered by the BIDR-SCI team in the Arava
during 1989-90.
Tow main flight modes were observed:
1. A fast south-north (or the reverse - depending on the season)
passage. The velocity of the birds is naturally species dependent.
Since the large birds have the highest SAR in the frequency range of
the station, we present here (fig 2) the average SAR for a large bird
(v/h:t3 strrk) packing the stati:n rec-on a" a s'.y;i zzr.z~.zr,-* sceec (IS
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km/h), at varios hights. (It should be noted that this is a lower
speed than actually observed for this bird, and for most of the
others in passage flight.)

mas. SAR (6 xcin av.) fl
VQA Arava relay station, IJ

174

175
176
west-east aoordinata

177

178

Fig. 2: Average 6 min. SAR for a white stork flying in a north-south
path at various hights via the station region.
2. Prey capturing raptors: The longest stay of birds in the region of
the station, was observed to be that of large raptors, in the process
of capturing prey. In this process the raptor dives down very fast
(100-200 km/h), captures the prey, and then takes off at a relatively
low speed (20° climbing, at 15 km/h).
We have computed the 6 min average SAR for this process, for different
take off points, in the station region. We found that the highest SAR
occurs in this exposure scenario, when the take-off points ara located
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on east-west coordinate 176.25. The SARs thus obtained are presented
in fig 3.

takeoff SAR for bird 10
versus takeoff point
xs-

-* 2.5-

in

>

1.5-

0.5-

25.75

takeoff point
Fig. 3: Average SAR for Steppe Eagle, capturing prey, and taking off
to the north, along east-west coordinate 176.25.
From fig 3. it is apparent that the SAR for this exposure mode is
significantly higher than that obtained during direct passing flight.
The biological significance of exposures of this magnitude was
discussed elsewhere (Ma89).
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