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layer around an isolated millimetric collapsing bubble [16]. This
is a brand-new and slighdy counter-intuitive result. While
absorbing the energy released during collapse, as an air-bag
would do, adjoining bubble store this energy into the thin liquid
film of emerging bubble-caps, leading finally to stresses higher
than those observed in the boundary layer around single milli­
metric collapsing bubbles. Further investigation should be
conducted now, and especially numerically, in order to better
understand the relative influence of each pertinent parameters
(bubble size, liquid density and viscosity, effect of surfactant... )
on bubble deformation.

Contrary to what could have been thought at first glance, effer­
vescence of champagne turned out to be a fantastic tool to
investigate a first approach of the physical chemistry of rising
and collapsingbubble dYnamics.As we do, we hope that the read­
er will now look at the effervescence in this traditionally festive
wine, not only as a nice visually appealing phenomenon, but also
as a very instructive one in terms of bubble dynamics study. It
would have been regrettable not to have a closer look at such a
daily phenomenon, before considering a more academic
approach under certainlybetter controlled, but also less seducing
conditions.
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A clearer understanding by a wider public ofthe health effects of
radioactive materials arising in the nuclear industry is essen­

tial ifthe public interest is to be served. Even clear and continuous
information provided to the public about radiation dose from
industry is inadequate to an intuitive and correct understanding of
relative risk-:- in part because radiation exposure is expressed in
units that non-specialists find difficult to comprehend.

We propose the establishment of a unit of irradiation dose to
the individual that is equal to that provided tQ a human being by
the naturally occurring radioactivity of human tissue: the
"DARI;' from the French for "Dose Annuelle due aux Radiations
Internes"- annual dose from internal radioactivity.

To the extent of 90%, this radiation is due to potassium 40, of
half-life 1.3 billion years, which was present in the cosmic dust
from which the Earth was formed about 4.5 billion years ago.

The DARI amounts to less than 10% of the natural radiation
to which the body is subject, arising from external irradiation
from rocks and from cosmic rays. The use of this unit for
expressing the individual's radiation dose from an incident or an
accident involving radioactive materials would facilitate a proper
judgment of its impact, and would avoid unwarranted concerns.

In the physical sciences an impo.rtant role is played by units of
measure that permit an easy appreciation of the order of magni­
tude of the items measured.

The metre, the kilogram, and the second were thus adopted in
engineering. In fields in which the order of magnitude of the
object studied are much smaller or much larger, it has been nec­
essary to introduce auxiliary units adapted to daily practice. It is
thus in astronomy or in microscopy; where one uses the light­
year, or the angstrom and the nanometer.

Over the last few decades there has been a massive increase in
use of ionizing radiation. There has been a corresponding evolu­
tion of units for the measurement of the intensity of sources
emitting radiation and for evaluating their effect on the human
being.

The extreme sensitivity of instruments to measure radioactiv­
ity, detecting even the disintegration of a single atom, has led
practitioners, in their particular fields, to deal with figures that
have a substantial number of zeros. Thus the becquerel (Bq) is
the intensity of a source in which one atom on the average disin­
tegrates each second; it is used for weak sources, while the
megacurie is often used by an engineer dealing with nuclear
wastes- the curie (Ci) being the intensity ofa source in which 37
billion atoms disintegrate each second- hence 3.7 x 1010 Bq.

Evaluating the effect of radiation on the human body involves
more complex questions. The nature of the ionizing radiation­
alpha particles, betas, gammas, heavy ions- makes it necessary
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to take into account the great variation in the deposit of energy
along the trajectory of the particle and on its effectiveness in dis­
turbing the genetic material of living cells. The mechanisms
involved in these effects are still a matter of debate, and the exis­
tence or not of a threshold for harm gives rise to argument.

Current units of irradiation
The accepted units, which are employed by various individuals
and groups needing to make decisions regarding the acceptable
doses of radiation, both for the public at large and for workers in
the field, are based on the energy deposited by the ionizing radia­
tion. But they are hardly helpful in providing an intuitive
estimate of the nature and hazards of radiation. In this regard, let
us just note that the lethal dose of radiation for a human involves
the deposition of energy that raises the temperature of the body
by a mere thousandth of a degree.

The gray (Gy) corresponds to the deposition of 1joule per kg of
living tissue. One takes into account the different sensitivity of the
various human organs by weighting the deposit of energy by a
coefficient of effectiveness, which leads to the definition of the
sievert (Sv). Finally, although it is a matter of reasonable agree­
ment that the lethal dose is four or five Sv for a human being,
regulatory authorities interpret the available facts on the induc­
tion of lethal cancer by low doses of radiation as giving a
probability of cancer linear with the dose, without a threshold of
harm for a human being. Specifically, that estimate is 0.04 lethal
cancers per Sv of whole body irradiation. Such a coefficient per­
mits the prescription of permissible levels of irradiation to have
an acceptable risk for the various populations, when weighed
against benefits to the economy or to the public health in the use
of radiation, for instance for the diagnosis or treatment ofdisease.

Proposal for a new unit linked to the irradiation of the
human body by its own natural radioactivity-the OARI
We suggest an approach that may lead to a more intuitive estima­
tion of the impact of low doses of radiation. The unit that we
propose provides a much more immediate idea of the risks run
by a given level of irradiation. It is as rigorous as the units used
thus far, to which it can be related in a precise fashion. We suggest
the "DARI;' for "Dose Annuelle due aux Radiations Internes­
(annual dose due to internal radiation)". This is close to the irra­
diation experienced during a single year by an individual, due to
the radiation emitted by the radioactive materials present in the
human body that have nothing to do with any line of work. The
DARI is to be defined as 0.2 millisieverts, precisely, although the
annual dose itself is about 10% less.

The two principal radioactive substances that contribute to
this internal irradiation are potassium-40 (a natural isotope that
is a permanent component of living tissue), and carbon-14 pro­
duced in the air by cosmic rays and which is present in all living
organisms.

We prefer this standard of internal radiation to one represent­
ing the average human irradiation from all natural sources that
corresponds to a level about ten times larger than the unit pro­
posed. This total varies too much with geography and altitude to
serve as a reasonable standard.

Our interest in a standard such as the DARI arises from the
fact that even much weaker irradiations than this internal expo­
sure give rise to futile controversy and can distort crucial choices
such as those that concern energy supply for centuries to come.

First we discuss more extensively the origin of this internal
irradiation, which will permit us to estimate readily the scale of
certain incidents or accidents related to nuclear power.
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Natural sources of internal and external irradiation
Our planet was formed by the aggregation of the dust from dead
stars. All of the chemical elements that compose the Earth were
synthesized through the nuclear reactions that take place
throughout the life ofsuch stars. Certain elements are radioactive
with a mean life in hundreds of millions or billions ofyears and
are always present.

Uranium, thorium, and potassium play an important role in
creating the molten core of the Earth. The energy of their radia­
tions has melted and maintains the molten sphere of iron-nickel,
some 3500 km in radius, which constitutes the core ofour planet.

These primordial radioactive wastes are present everywhere
on Earth. Potassium-40, which is a natural isotope of potassium,
has a half-life of 1.3 billion years. It pervades living organisms,
and the human body of 70 kg mass is host to about 6000 Bq­
i.e., 6000 disintegrations per second.

Uranium is widely distributed on Earth and constitutes about
3 millionths by weight of the Earth's crust. Its presence in rocks
contributes a significant portion of the natural irradiation to
human beings. It also contributes to this total by the radioactivity
of one element in its decay chain- radon-222 (of half life 3.8
days), which is a noble gas emitting alpha particles. Radon is
responsible on average for more than half of the natural irradia­
tion of humans; the U.S. government recommends effective
ventilation of homes in order to reduce the level of radon from
building materials or from seepage from the underlying rock.

Nuclear energy and public health
Uranium has a special importance since the discovery of nuclear
energy. By use of uranium fission in a nuclear reactor, as much
energy could be extracted from the uranium ofanygiven portion
of the Earth's crust as if it were pure coal.

Of course, because of the cost of extraction of uranium from .
such lean deposits, it is currently obtained from the much small­
er deposits of higher grade ore- ranging from 0.1% to 14%
uranium by weight. But studies show that it is possible to obtain
uranium from seawater (where it constitutes only about 3 bil­
lionths by weight) with a cost that is a mere 15 times larger at the
moment than that required to obtain uranium from the deposits
that now serve to feed nuclear power plants. Uranium from sea­
water thus gives an affordable and practically unlimited supply of
fuel for fission power.

In the future, which in the more or less long term is threatened
by the exhaustion ofthe energy resources based on fossil fuel, it is
thus legitimate to consider the major role that can be played by
nuclear energy. This is particularly true considering the
enhanced greenhouse effect from the carbon liberated to the
atmosphere by the normal combustion of coal, oil, or even natur­
al gas. However, the enormous amount of radioactivity produced
in the course of releasing energy from fission, raises inevitable
questions and anxieties about the danger for our generation and
those to come, by the massive deployment ofnuclear power.

The degree to which nuclear power is accepted depends upon
the resources of the individual countries, but also upon a realistic
evaluation of the dangers and problems the various alternative
energy sources present to the human species. Decisions are ren­
dered more difficult by the sometimes irrational character of the
debates concerning the effects on humans of ionizing radiation
ofvarious origins, to which we are exposed, voluntarily or not.

A major problem right now for the nuclear industry is to show
that it is capable of caring for radioactive waste from nuclear
power plants in a satisfactory fashion for generations to come,
and is able practically to eliminate the possibility of a major
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catastrophe like that at Chernobyl in 1986.
To make a proper judgment of various proposed courses of

action, it is helpful to take into account the irradiation to which
humans are exposed independently of nuclear energy.

Relative importance of natural sources of irradiation,
internal or external
Radiation from internal sources is an absolute floor below which
it is impossible to sink. Natural radiation overall, about ten times
larger, represents a level to which we should refer to evaluate the
limits imposed on exposure from the nuclear industry, and in
order to evaluate the seriousness of incidents or accidents. We
will now examine several sources contributing to natural radia­
tion, using as the unit of irradiation the sievert or the thousandth
of a sievert- millisievert (mSv). Cosmic rays shower the Earth
and provoke nuclear reactions in the upper atmosphere, caused
by the energetic protons of the cosmic rays. At sea level the cos­
mic rays contribute an annual irradiation about 0.5 mSv. The
intensity increases with altitude, which on average contributes
more irradiation in a year to airline crews than is legally permit­
ted for workers in the nuclear industry- 20 mSv per year.

In the atmosphere, cosmic rays transmute nitrogen into
radioactive carbon- carbon-14, with a mean life of 5000 years;
C-14 is present in the form of carbon dioxide within the atmos­
phere. Incorporated by plants into their tissues, carbon-14
pervades all living things, and along with potassium-40, present
since the beginning of the Earth, contributes the most important
and least avoidable part of internal radiation. For a person of 70
kg weight, carbon-14 contributes about 4000 becquerel; together
with the 6000 Bq from potassium-40, one has thus an activity of
10,000 Bq in the average human being. Taking into account the
relative biological effectiveness of this radiation on different
organs, this source of 10,000 Bq contributes about 0.17 mSv per
year. Incidentally, it is the same 0.17 mSv per year for a child and
for an adult of whatever weight, since it is the energy deposited
per kg that is measured by the Sv- 1 joule per kg.

Now we compare this level to the total irradiation experienced
by humans from other natural sources, totalling, as indicated,
about 2 mSv per year. One needs to take into account the radioac­
tivity of the soil containing more or less radioactive material­
notably potassium and uranium. In France itself, there is a vari­
ability of a factor 3 from 1 mSv in the environs of Paris to 3 mSv
in Brittany. On our planet, there are vast populated regions where
the natural radioactivity is much greater. Added to the exposure
from rocks, there is the radioactivity due to radon, and the cos­
mic ray intensity that varies with altitude.

Natural irradiation ofthe average American citizen, like that of
the French, amounts to about 2.5 mSv per year, to which must be
added the irradiation due to medical diagnostics- on the order
of 1 mSv per year on average. The variation in natural radioactiv­
ity within France, about 1 mSv per year, exceeds the limit
imposed by the law on the exposure of the civil population by the
nuclear industry. At this level, it has not been possible thus far to
demonstrate any impact on public health; there is no direct evi­
dence ofharm caused by irradiation of this magnitude.

It seems to us instructive to choose as a practical unit ofirradi­
ation close to that due to the unavoidable K-40 and C-14 in the
body, amounting to 0.17 mSv per year, which is quite uniform
among the world's population. We have rounded this to 0.20 mSv
per year and called it the DARI, for "Dose Annuelle due aux Radi­
ations Internes (annual dose due to internal radiation)".
According to the International Commission on Radiation Pro­
tection (ICRP), exposure to a DARI conveys a probability of
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incurring lethal cancer of ten parts in one million. If a lethal can­
cer corresponds to 20 years of life shortening, each DARI then
costs the individual one hour of life expectancy. This calculation
is rejected by some who believe in the existence of a threshold,
below which there is no harm from radiation. In either case, one
hour is little enough to pay for the gift of a body inherited from
the stars and the cosmic rays.

The natural variability from place to place amounts to five
DARI or more. Nevertheless, we should not countenance the
addition of even one DARI to the individual's radiation burden
without considering the benefits to that individual and to society.

Table 1 demonstrates the relative importance ofvarious wide­
spread sources of irradiation.

Table 1. The relative importance of various widespread sources of
irradiation

O.lDARI Dose received In France on average from the nuclear power Industry

SDARI The soil in the environs of Paris on average

10DARl The soil in Brittany on average

5DARI Cosmic rays ats~ level (increase of I DAR! per 50 m at altitude).

5DARl Average diagnostic radiography'

5DARI Limit established for the irradiation Ofthe pUblic by the nuclear

industry.

40DARI Single CAT scan

500DARI Annual maximum dose, for 5 successive years, for a worker in the

nuclear industry.

25,OOODARI Lethal dose for the average human

300.000 to 500.000 Dose delivered as local irradiation to treat a cancer.

DARI

*The DARI is intended to represent an effective dose. If 2milligray of
gamma radiation is delivered to the left side of the body, the equivalent
(and effective) whole-body dose is one millisievert or 5 DARI. According
to the linear hypothesis for the effects of low doses of radiation, the
same probability of cancer will result as if one millisievert were
delivered to the whole body - although any tumour will appear only
on the left and not the right side of the body. Asimilar approach applies
to the effect of a small diagnostic dose of radioactive iodine - effects
of which would be limited to the thyroid but which could be expressed
in equivalent whole-body dose in microsieverts or DARI.

The exposure limit of 500 DARI imposed on a worker in the
nuclear industry corresponds to a reduction in life expectancy
(500 hours) equal to that produced by the smoking of ten ciga­
rettes per day during that same year.

This risk of cancer to a worker receiving the maximum per­
mitted dose in the nuclear industry should be compared with the
occupational risks associated with other industrial or commer­
cial activities. For example, driving an automobile in traffic
exposes the driver to carcinogenic exhaust fumes (especially par­
ticulate matter) with a greater risk of cancer.

Recently one has seen in France polemicS over accidental
releases of radiation whose impact is less than one hundredth of
a DARI, exposing only a local population to this tiny augmenta­
tion in irradiation.

The DARI puts in perspective these polemics, of which the
impact on the political scene and in the media is disproportion­
ately large compared with the substance. The debate should
centre on the following problems as regards future energy:
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• What are the real and comparative hazards ofvarious sources

of energy now available to humanity?

After the exhaustion of the fossil energy supplies, what are the
options then?

We are expecting 9 billion humans in the middle of this century,
compared with 6 billion at this moment. In the industrialized
countries, about 20% of the population die of cancer. Among the
sources of cancer about half have been identified as due to life
style- tobacco, alcohol, obesity, diet-and seem avoidable.
About 2% of cancers are thought to arise from carcinogenic
materials used in industry, or from automobile exhaust fumes.

One must be alert to reduce to a minimum all of these haz­
ards-especially the more important ones. Those that are due to
radioactivity are among the easiest to measure, and they must be
maintained at an acceptable level. A unit of measure which takes

into account the unavoidable natural self-irradiation of a human
being seems appropriate, bearing in mind that it has not been
directly demonstrated to have an effect on health.

According to the severe criteria used by regulatory authorities
to evaluate the impact of radiation on public health, the DARI
shortens life by about one hour per year. And the French accord­
ingly lose six minutes per year because of their dependence on
nuclear power-assuredly less than the hazard of the coal alter­
native. The table shows, however that there is substantial merit in
reducing the exposure to the average individual from diagnostic
X-rays, which by the same calculation shortens life by an average
offive hours per year.

Georges Charpak received the Nobel Prize for Physics 1992 and is
Membre de I'Academie des Sciences. Richard L. Garwin is amember of
the US National Academy of Sciences.

Plectics: The studyofsimplicityandcomplexity
Murray Gell-Mann, Santa Fe Institute,Santa Fe, USA

The subject that I call plectics is the study of simplicity and
complexity. At the Santa Fe Institute, which I helped to start,

we deal to a great extent with matters of simplicity and complexi­
ty. I arrived at the name, plectics, in the following way. The word
"complex" comes from plexus, originally meaning braided, and
com-, meaning together, hence braided together. "Simple" comes
in a similar way from roots meaning once folded; and the Latin
words for "braided" and "folded" both owe their ultimate origin
to the Indo-European root *plek-. In Greek, that root gives rise to
plektos, meaning braided. So, in using the word plectics we are
describing the subject ofsimplicity and complexitywithout com­
mitting ourselves as to whether we are talking about something
simple (once folded) or something complex (braided together).

What do we mean by complexity and its opposite, simplicity?
It would take a great many concepts, a great many quantities to
capture all the various meanings implicit in our use of the word
complexity. But there is one concept - what I call effective com­
plexity - that represents most closely what we usually mean in
everyday conversation and also in scientific discourse when we
use the word. A non-technical definition of effective complexity
would be the length of a highly compressed description of the
regularities of the entity under consideration. Compression ­
the elimination of redundancy - is very important; otherwise
the length of the message would be ofvery little concern to us.

In my book"The Quark and the Jaguar" I describe the elemen­
tary school teacher who assigned to her class a 300-word essay to
be turned in on Monday. One pupil, who spent the weekend play­
ing around outdoors (as I would have done as a child), hastily
scribbled the following on Monday morning: "Yesterday the
neighbours had a fire in their kitchen, so I leaned out of the win­
dow and yelled "FIRE, FIRE, FIRE, FIRE, ... " Of course he could
have compressed that description by saying "I leaned out of the
window and yelled FIRE 282 times", but the teacher insisted on a
300-word essay. Now, one way to discuss compression is to make
use of the concept of algorithmic information content. It is
defined for a string ofbits, that is a string of zeros and ones, or an
entity that is described by that string of zeros aild ones. The algo-
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rithmic information content is the length of the shortest program
that will cause a given universal computer U to print out that bit
string and then stop computing.

Any kind of definition that utilises the length of description,
even the length of a very concise description, will still involve a
certain amount of arbitrariness or context dependence. We are
describing a certain entity and the description is coded into a bit
string. The level of detail at which we are describing the entity
obviously matters. In physics that is called the coarse graining.
The language in which the original description is expressed may
also matter, and certainly the assumed knowledge and under­
standing of the world are important. All of these things help to
determine the length of description. When the description is
then coded into a string of bits to be printed out by a computer,
we have additional context dependence, through the coding con­
vention and also the choice of the universal computer. But ifwe
put up with all that context dependence, we can give a more tech­
nical definition of effective complexity: the algorithmic
information content of the regularities of an entity. That means

. that the entire algorithmic information content of the entity is
split into two terms - one describing the regularities and the
other describing the remaining features, which are regarded as
incidental or random

Ties and bits
Let me use neckties as an example. The length of description of
regular ties is trivial - you just give the colours, widths, and
spacings of the stripes and the background colour of the tie, and
you have it. But, of course, we are making a distinction here
between the regularities in the pattern and various other features
of the tie that we are treating as random or incidental, for exam­
ple soup stains or little irregularities in the weave, and so on and
so forth... Those are not included in the description.

Ifwe are just concentrating on the regularities in the pattern of
other ties, this by contrast, is quite complex. For a hand-painted
tie from Austin, Texas, describing the regularities of its pattern
would take a long time. It has a high effective complexity.
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