Elements and Isotopes

Nucleosynthesis

As the current understanding of the universe goes, about one second after the "big bang", the expanding universe was peppered with elementary particles including protons, neutrons, and electrons.  Seconds later, deuterium and helium could form by a brief cascade of fusion between protons, and then with subsequent fusion products.  After a few minutes, three-quarters of the universe's matter was hydrogen and the rest essentially helium.  Traces of deuterium (heavy hydrogen) and other light species were present as well.  From this simple mixture, the earliest stars condensed through gravitation.  The consequent heating opened pathways to production of heavier and heavier combinations of protons and neutrons and the elements associated with them.  Despite the age of the universe at some dozen billion years, its elemental composition is still more than 99% hydrogen and helium implying that nucleosynthesis has not proceeded very far yet...on the average.  Local variations are quite interesting though.

[Hans Bethe]

The earliest stars could sustain the fusion reactions associated with their abundant hot hydrogen by a sequence of steps in which two protons could first meld together to form a deuterium nucleus (proton plus neutron) accompanied by the release of a positively charged electron (called a positron) and some energy.  The deuterium could then fuse with another proton to form a new nucleus with two protons and a neutron.  The element with two protons in the nucleus is helium and this particular product with a total of three nuclear components is called helium-3.  Its formation is accompanied by the release of still more energy.  As the amount of helium-3 accumulates in the infernal mixture, the possibility of two helium-3's fusing becomes influential.  Two helium-3's produce one helium-4 freeing two protons and a large burst of energy.  Helium-4 has two protons in it which is why it's helium in the first place.  Its distinction from helium-3 is that helium-4 has two neutrons for a total of four component particles in contrast to the three for helium-3.  Nuclei that have the same number of protons but different numbers of neutrons are called isotopes of the element under discussion.

This early sequence of events can be abbreviated in nuclear notation as follows:

1H + 1H ( 2H + e+ + (
2H + 1H ( 3He + (
3He + 3He ( 4He + 1H + 1H

H is the chemical symbol for hydrogen and He is that for helium.  The superscripts preceding the element symbols are called the mass number of the isotope and correspond to the (integer or whole) number of protons plus neutrons in the nucleus.  The symbols e+, ( and ( represent, respectively, a positron, a gamma-ray and a neutrino which the reaction products is indicated.

The net result of the above nuclear reactions is

4 1H ( 4He + 2 e+ + 2 ( (+ energy)

Helium-4 is a particularly stable combination, accounting both for the enormous amount of energy released in its formation and in the difficulty of breaking it apart.  The stability is also the reason that it is the dominant product present in the proton-rich material, the deuterium and helium-3 being present as minute components.

As the star matures and hydrogen is consumed by fusion to form denser, heavier helium, gravitational collapse can resume, heating up the mixture with its significant component of helium-4.  Under the right conditions, you can then get a helium-burning cycle to commence.  Here, two 4He nuclei can fuse to form a 8Be.  Beryllium-8 has four protons (making it, thereby, beryllium) and four neutrons.  But 8Be happens to be a very unstable system and on its own breaks back down to two helium-4's in a very short time.  When there is abundant helium-4 around, there are then possible fusions of the beryllium-8 with another helium-4 to occur before the beryllium has split up.  This second step in the helium-burning cycle produces carbon-12.  

8Be + 4He ( 12C

As the mixture continues to brew, carbon-12 will have conditions right to fuse with yet another one of the surrounding helium-4's producing oxygen-16, a nucleus with eight protons and eight neutrons.  That, in brief, is the origin of the carbon and oxygen that will combine to make our carbon dioxide.  Carbon and oxygen are the third and fourth most abundant elements in the universe.

The elements of chemistry
A nucleus consists of positively charged protons —the number of which determines the element —  plus a number of neutral neutrons.  The nucleus is a small positively charged mass containing a certain total number of neutrons and protons.  Everyone has probably heard the expression "opposites attract".  This is rigorously the case with electrostatic charges.  The positive nucleus has a strong attraction for negative particles which are present as electrons.  If the number of electrons pulled towards the nucleus equals the number of protons in the nucleus, then the combination is electrically neutral since the absolute amount of charge on a proton is equal to that on an electron, but just opposite in sign from it.  The nucleus with its retinue of electrons forms a neutral species called an atom.  An atom, by definition, is uncharged.  

An atom of carbon has a total of six electrons and an atom of oxygen has a total of eight electrons.

The total mass of an atom is that of the nucleus plus that of the electrons less a very small amount that is released when the electrons become bound to the nucleus.  The atomic mass can be determined very precisely, relative to some standard, using modern instruments.  That mass standard is carbon-12, whose atomic mass is arbitrarily, but very conveniently, set at exactly 12 mass units.  Atomic masses of some important isotopes of both carbon and oxygen are listed below along with the percent of the isotope found in naturally occurring samples of each element.  What those abundance percentages mean is illustrated by referring to carbon.  Approximately ninety-nine out of every one hundred carbon atoms you would find are carbon-12.  On occasion, an atom of carbon-13 would be found per hundred carbons.  Since natural carbon is a mixture of these two isotopes in the fractions indicated, the average atomic mass would be approximately 0.99*(12)+0.01*(13.00) = 12.01.  In the case of carbon, this differs from 12 by a very slight amount, but for other elements, the natural isotopic mixtures can vary significantly from whole numbers.  Also, much less obvious now, the precision with which the abundances and masses can be determined turns out to be a useful target of study using sensitive techniques, as we will see later.

Carbon-12             mass = 12.0000000 u             98.90%

Carbon-13             mass = 13.0033548 u               1.10%

Carbon-14             mass = 14.0032420 u               *

The isotope carbon-14 is radioactive and is naturally occurring to the extent of 1.2 X 10-10% in the atmosphere.  It was discovered in 1934 by Franz Kurie of Yale University who bombarded nitrogen with neutrons which had been discovered in 1932.  Carbon-14 is frequently, but ambiguously, referred to as radiocarbon.

Oxygen-16            mass = 15.9949146 u              99.762%

Oxygen-17            mass = 16.9991312 u                0.038%

Oxygen-18            mass = 17.9991603 u                0.200%

1 u = 1.6605402 X 10-27 kg

Some literature refers to atomic mass as atomic weight.  Strictly speaking, this is incorrect because weight is something you determine by weighing and depends on gravity.  On a roller coaster ride, you can be briefly weightless.  On the planet Jupiter, you would be very heavy.  But your mass, a fixed (sort of) property, would remain the same.  Different effective gravitational attraction would assign different weights to the same object.  However, in discussing the isotopes and elements as we have done briefly here, everything is done relative to carbon-12 and so it is perfectly legitimate to refer to the values as relative atomic weights as is sometimes done.  All this is a minor, technical detail that does not alter any of the discussion, past or future, concerning carbon dioxide.

These are not the only species of carbon and oxygen that are known.    A dozen more isotopes each of carbon and oxygen have been discovered over the years.  They are all radioactive, most with very short lifetimes.  The identity and half-lives of these curiosities are indicated below.

	Other known  carbon isotopes
	Half-life
	Other known oxygen isotopes
	Half-life

	C-8
	?
	O-12
	?

	C-9
	0.127 seconds
	O-13
	0.0086 seconds

	C-10
	19.3 seconds
	O-14
	1.2 minutes

	C-11
	20.4 minutes
	O-15
	2.0 minutes

	C-15
	2.45 seconds
	O-19
	26.9 seconds

	C-16
	0.747 seconds
	O-20
	13.5 seconds

	C-17
	0.193 seconds
	O-21
	3.42 seconds

	C-18
	0.095 seconds
	O-22
	2.25 seconds

	C-19
	0.049 seconds
	O-23
	0.083 seconds

	C-20
	0.014 seconds
	O-24
	0.061 seconds

	C-21
	?
	O-25
	?

	C-22
	?
	O-26
	?


In the table you can see some of the half-lives have not been measured yet.  Expectations are that more isotopes remain yet to be discovered.  [Drip line predictions.]

C-11 and O-15 are both used in medical PET (positron emission tomography) scans because their radiations are easily measured and the locations of the emitting atoms can be pinpointed with good geometrical resolution. 

Electrons are found spread out about the small central positively charged nucleus.  Their detailed behavior is well beyond the scope needed for our discussions and is also very esoteric in nature.  All we need concern ourselves with is the fact that the electrons are assigned to shells whose average distance from the central nucleus gets larger and larger as each new shell first receives electrons.  

An atom more or less is one hundred thousand times as large as just the bare nucleus.  Put in a more pictorial perspective, if the typical atomic nucleus were as large as the period (".") at the end of this sentence, then the entire atom with its retinue of electrons would be the size of a football arena.

The assignment, at least for the first twenty elements with atomic (proton) numbers ranging from 1 through 20 is that

• the first two electrons go in the first shell

• the next eight electrons are assigned to a second shell

• the next eight electrons are assigned to a third shell

• the next electrons start a fourth shell

When a shell has its full complement of electrons assigned, we refer to it as a filled shell.  The significance of a filled shell is that it has unusual stability associated with its properties.  By stability we imply its resistance to change.  Below is a table of the first twenty elements arranged in order of increasing atomic number starting with hydrogen (element 1) in the upper left and reading left-to-right and down to the next row eventually as far as calcium (element 20).  The arrangement shown here also allows an easy visualization of the repeating physical and chemical properties of the elements associated with the number of electrons in the last shell being filled.  For example, the closed shell electron arrangements associated with total electron numbers of 2, 2+8 and 2+8+8 correspond to the eighth family of elements called noble gases all of which are very unreactive chemically.  In contrast, the seventh column, with electron arrangements of 2+7 and 2+8+7, are called the halogen elements or halides.  For elements in the first column, all the way on the left, the electrons are configured as 1, 2+1, 2+8+1, and 2+8+8+1.  Except for the lightest of these, hydrogen, which is unique, the group is called the alkali elements.
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You've just been presented with an abbreviated version of the Periodic Table first articulated nearly completel by the Russian chemist, Dmitri Mendeleev in the late eighteen hundreds.  Although understanding the causes of the periodicity in properties had to await discovery of the electron, x-rays, and radioactivity just before the turn of that century and the experimental techniques they spawned, we can simply observe here that the properties including the reactions the elements undergo are due to the number of electrons in the last shell being filled, the so-called valence (from Latin valentia = capacity) electrons.  For the first column (or “family” or “group”), there is one valence electron; for the seventh column there is seven valence electrons; for the eighth column, there are eight valence electrons.

Atoms, positively charged nuclei plus their surrounding electrons, area able to lose some electrons or gain extra electrons thus becoming “ions” in either case.  Atoms that lose electrons become positively charged ions.  Atoms that gain electrons become negatively charged ions.  A positively charged ion and a negatively charged ion, with their opposite charges, attract each other and can form a combination called a compound.  Table salt, for example, is basically sodium which has lost an electron and chlorine which has gained an electron.  That is, Na+  and Cl-.  Persons on low-salt diets sometimes use a salt alternative that is K+ and Cl-: potassium chloride.  Both sodium and potassium (and the heavier alkali elements as well) tend very readily to lose one electron in forming compounds.  The reciprocal side of this is that chlorine and the halogens have a tendency to gain an electron in forming compounds.  A simplified explanation of this is that in doing so, both the alkali elements and the halogen elements are left with closed shell electron arrangements which we noted earlier are extra stable.  Since much of chemistry involves combinations of the elements depicted above where the closed shells have eight electrons, it is common to see reference made to an octet rule as an indication that changes seem to lead to the closed shell structure.  Although chemistry, the science of such transformations, is actually much more complicated than this, the octet rule can be used to model an enormous amount of what transpires.

A compound is a combination of atoms of at least two different elements.  It is one kind of species that is more generally referred to as a molecule.  A molecule is a combination of at least two atoms and they need not necessarily be different.

Molecules
For many years, it was thought that the only combinations of atoms possible were those in which positive and negatively charged species were involved.  Amadeo Avogadro introduced the idea and term molecule in 1811(?) to indicate combinations of identical species.  He did this to explain some very simple experiments involving reacting gases and the simple relationship among the volumes of combining gases and produced gases discovered by the Frenchman Gay-Lussac  It was Avogadro who proposed that the elemental form of oxygen consisted of two atoms to a molecule that we would now write as O2.  Hydrogen gas was proposed to be H2.  Avogadro's hypothesis was resoundingly rejected by the scientists at the time because there was no way to understand what would hold two oxygen atoms together since they were both neutral.  And there was also the unanswered question as to why just two atoms were involved.  Why not three, or four, or more?  These were extremely reasonable questions at the time, but not evidence that the hypothesis was incorrect.  The questions merely illustrated that the phenomenon of chemical bonds was not understood yet in the early 1800’s.

Cosmic rays

Despite the fact that both positive and negative charged species are called ions, only the process of removing one or more electrons is called ionization.  (Adding an electron is not referred to in this manner.)  A few high energy particles from the sun reach the Earth’s atmosphere and cause ionization of the atoms and molecules there.  But by far, most particles hitting the Earth come from outside the solar system.  They consist mostly of protons – 90 % -- with another 9 % being alpha particles and the rest heavier nuclei.  Their energies are such that their behavior needs relativistic considerations.  Cosmic rays are ultimately responsible for a variety of phenomena among which are the auroras seen in the higher latitudes of both northern and southern hemispheres.  They influence not only the chemistry of the atmosphere, transformations from one molecular arrangement to another, but some nuclear transformations as well.

Production of carbon-14
The most common atom in the atmosphere is nitrogen, element number 7, which occurs mostly as the element nitrogen, a gas consisting of two nitrogen atoms chemically bound together: N2.  All but about 0.4% of naturally occurring nitrogen atoms have an atomic mass number of 14.  The mass number implies that in addition to the seven protons in the nucleus, there are also seven neutrons.  A rare collision of a neutron from cosmic rays with the nitrogen-14 nucleus sometimes happens in such a way that a proton is knocked out of the nucleus and the neutron remains behind.  You could picture this akin to what happens when a fast billiard ball strikes head-on one that is stationary.  The struck one recoils fast in the original direction and the incoming ball remains behind in its stead.  This simplified picture means that the struck nucleus with its components of seven protons and seven neutrons is converted into a product with six protons and eight neutrons.  But that combination is the isotope carbon-14.
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Carbon-14 is practically identical in its chemical behavior to carbon-12 and carbon-13 but is unstable with respect to radioactive decay at a very slow rate.  A single atom lives an average of over eight thousand years before being transformed by a nuclear transmutation.  That is by far long enough for the carbon-14 to become chemically incorporated into carbon dioxide, for example, and to have its associations scrambled by the myriad of chemical processes that occur as part of the so-called carbon cycle.

Isotope effects

Just before, we cleverly hedged our comment on the chemical behavior of the different carbon isotopes by saying they were “practically identical”.  There are, in fact, very slight but definitely measurable and understandable differences in the chemistry of different isotopes of the same element.  We’ll defer a simplified explanation of the origin of this fractionation effect to the next chapter but present some typical differences now.  Increasing the mass number from carbon-12 (the 99% abundant, stable isotope) to carbon-13 (also stable) will alter things very slightly.  The comparison is expressed relative to a standard sample in terms of percent deviation from the standard.  (Professional researchers who study this use, instead, ‰ = per mil or parts per thousand.)  Atmospheric carbon dioxide has a fractionation of –0.9%.  The carbon in cactus has a fractionation of +1.7%.  Leaves from trees have a fractionation of +2.7%.  The “+2.7 %” deviation mean that there is relatively more 13C than in the standard.  If the standard had exactly 1% 13C (it doesn’t), a +2.7% fractionation means that the leaf sample has 1.027% 13C.  The three examples quoted themselves have a range of measured values.  There are also many more examples of typical fractionations for carbon (and oxygen).  Not unexpectedly, 14C will have an isotope fractionation effect that is even greater than that for 13C (since its mass differs from that of 12C by more than does that of 13C).

Radioactive decay of carbon-14
Carbon-14 is unstable.  It is higher in energy than nitrogen-14 and can change to stable nitrogen-14 because a pathway is open to allow that change.  The pathway is beta-decay in which the six protons and eight neutrons in the nucleus spontaneously change into seven protons and seven neutrons.  Effectively, one neutron has converted into a proton, emitting a negatively charged beta particle, a negative electron, from the nucleus.  The beta particle is identical to -- indistinguishable from -- an ordinary electron.  But the probability of this decay is fairly low.  It is a property of the nucleus and corresponds to about a 1.2% chance of decay in a century for any carbon-14 nucleus.  It is instructive here to follow what happens if we start with a large number of such nuclei.  Initially, suppose we have in our example 100% 14C.  After one century, 1.2% of these are lost, becoming 14N and leaving behind the remaining 98.8% 14C yet unchanged.  Over the course of the next century, 1.2% of the latter decay into 14N, leaving behind 97.6% 14C.  That is, if 1.2% decay, 98.8% survive the century.  We started with 98.8% of the original and if 98.8% of these survive into the second century of elapsed time, that's where the 97.6% figure comes from.  The next century would leave 96.4% of the original; the next would leave 95.3% and so on.  After one millennium, 88.6% of the original 14C would remain; after two millennia and 78.5% would be left.  If we graph this behavior, the figure below results.
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This type of behavior follows what is called an exponential curve.  What you might notice is that the amount of time it takes for half of the 14C to decay is between five and six thousand years.  The actual figure is 5730 years and this time is referred to as the half-life of 14C.  No matter when you begin a measurement, in 5730 years half of the 14C will have vanished, turning into 14N.  Carbon-14’s average life is around 8300 years.  After ten lifetimes (83000 years), 99.98% of the original amount present has decayed.  A “lifetime” does not imply that the substance is extinguished as if it were living.  The meaning is that this is the average time a nucleus remains unchanged.

Just to try to illustrate that the half-life of an unstable isotope is a characteristic of that particular isotope, a few other half-lives are worth mentioning.  Uranium-238 has a 4.5 billion year half-life.  Naturally occurring (even in substitute salt, KCl) potassium-40 has a 1.3 billion year half-life. 222Rn, the naturally occurring radon isotope of concern in basement seepage, has a 3.8 day half-life.  Fluorine-18, used in PET scans, has a 110 minute half-life.  

If the rate of production of 14C were always the same and the isotope were stable, the amount in the atmosphere would acculumlate.  Because the isotope disappears – decays – at a certain rate, the 14C accumulates, but then an equilibrium situation is reached in which the rate of accumulation is exactly balanced by the rate of disappearance.  The amount of 14C in the atmosphere would then remain constant.  The balance between appearance and disappearance is called a “steady state”.

14C, because of its nearly perfect imitation of natural carbon chemistry, can be used to determine the age of a sample that contains material once involved in a living system.  Lets look at a tree as an illustration.  While the tree is living, carbon dioxide from the atmosphere is used to manufacture wood, basically cellulose and lignin, containing lots of carbon.  Not only does that carbon consists mostly of 12C with about 1% 13C, but also an amount of 14C that was present in the air having been produced by cosmic rays.  To a very good first approximation, the amount present in the air has been constant over many millennia.  Then the ratio of 14C to 12C will be constant in living parts of the tree, provided the 14C contribution  doesn't change.  In the wood where carbon is no longer being converted by photosynthesis, the 14C ratio begins to drop because of decay.  When the tree dies, the 14C/12C ratio drops everywhere, always at the rate determined by the 14C half-life.  A measurement then of the 14C decay rate directly tells you how much 14C you have in a sample.  If you isolate one gram of pure carbon from newly formed wood, there are approximately 15 decays per minute.  If you have another piece of wood and you do the same experiment, but the decay rate of 14C is measured to be 7.5 decays per minute* in a gram of pure carbon, this is an indication that the 14C has not been replenished for one half-life: half has decayed and half remains.  The sample is 5730 years old.  

Cosmic-ray intensity has not been absolutely constant though. This forces corrections onto the interpretation of the radiocarbon-determined ages.  Fortunately, for the most recent seven or so millennia, the corrections are confidently determined through a calibration using “dendrochronology” a technique invented by the American astronomer, Andrew E. Douglass just before the start of the twentieth century.  He had discovered the apparent correlation between climate and plant growth.  
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Subsequently, he demonstrated that there were matching “records” in tree rings from collections of trees and used overlapping patterns as a dating technique.  
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We can combine the 14C counting and sequencing of tree rings through successive seasons in trees whose lives overlapped at some identifiable point.  The age of tree wood ring is determined by counting rings backward from the present (or from a known date), then matched with the age determined just from 14C content of the ring to establish a calibration or correction.  An example of calibration that covers the last several hundred years is shown here .   
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On the horizontal axis is the true date of the sample being analyzed for radiocarbon in tree rings determined by dendrochronology.  On the vertical axis is the age calculated from 14C content  and the time-dependent decay factor.  The straight line through the intersection of the two axes indicates where the data would have been if there were no corrections necessary, that is, if the radiocarbon date equaled the true date.  You see that corrections are necessary.  For example, the tree ring that grew during the year 1600 when analyzed for radiocarbon to determine its age gave 1600 too.  But for the tree ring that actually grew in 1700, the apparent age from radiocarbon dating is 1850 implying that too much radiocarbon is present (150 years worth) compared to the correct age.  For tree rings that date at 1850 then, there turns out to be 1.8% too much carbon-14 in this simplified description.  What is displayed next is the standard correction for radiocarbon in tree rings determined by dendrochronology and standard tree samples.  In actuality, isotopic fractionation of 14C is also included in the values displayed.  This is just an indication of the very slight differences in how plants distinguish between the two isotopes of carbon being determined, 14C and 12C.
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Since about 1900, the ratio has been significantly perturbed by two man-made interferences.  The industrial revolution started in the late 1800’s.  By 1900, very large quantities of fossil fuels, those that had been buried in antiquity – coal, natural gas, and oil — were burned.  Since coal is millions of years old, any 14C originally present would have decayed completely (as is confirmed by measuring various coal sources).  Coal burning would therefore introduce stable 12C into the atmosphere beyond normal (natural) sources, diluting the 14C/12C ratio from its assumed constant value in the air.  This effect was recognized by Hans Suess and is named after him.  Between 1850 and 1950 it is well documented that combustion of carbon containing materials added 10% excess and radioactively “dead” carbon dioxide to the atmosphere above and beyond what had been historically occurring.  This should have been reflected as a 10% drop in the 14C/12C ratio.  Interestingly, the radiocarbon studies of tree rings illustrated above showed that the ratio reduction was only 2%, evident in the sharp dip of the data at the right side of the graph.  The only rational explanation is that chemical exchange of carbon between molecules must involve a source that is larger than the atmosphere (ruling out causes by living species).  Soil humus is a large reservoir of carbon, but the rate of exchange is too slow to account for the observed change in step with the industrial revolution.  The large carbon sink is the ocean, as we’ll explore in subsequent chapters. 

The other human intervention in the value of the ratio came about during the period beginning in the 1950s when atmospheric testing of nuclear weapons was prolific.  Most were conducted in the northern hemisphere by the United States and by Russia.  These atmospheric tests produced copious quantities of neutrons which would increase the amount of 14C present over and above that due to production by cosmic rays.  Below we show tree ring determinations of 14C from Germany, representing the northern hemisphere where most of the testing was done and New Zealand, representing the southern hemisphere.  Note immediately that the vertical scale is now as high as 100%.  
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The difference between the two hemispheres is not as large as would be expected from the source of the bomb-produced 14C.  That is an indication of the extent of mixing of air between the two hemispheres.  Testing by a number of nations began in the 1950s with fission bombs and in the 1960s continued with the introduction of thermonuclear (hydrogen fission-fusion-fission) bombs producing an even more marked spike.  The data from the 1940s is an indication of where the 14C level would track in the absence of these recent man-made perturbations.  By looking at these curves, you should be able to discern that it took very roughly fifteen years for the 14C peak to fall to half its value.  In comparison to the 14C half-life of 5730 years, the shorter disappearnce time is a clear indication of the existence of physical and biological sinks for atmospheric carbon dioxide.

One of those sinks – no surprise here – is the oceans.  Radiocarbon measurements of the oceans have been made as well.  In the accompanying figure is the relative amount of 14C from calcium carbonates in coral reefs that can similarly be dated by counting age rings in the coral.  Carbonates, discussed more thoroughly in a subsequent chapter, are combinations of carbon dioxide with metal oxides.  In the ‘50s and ‘60s, nuclear testing added 14C to the atmosphere, but the effect doesn’t show up (in the bracketed region) until years later in the 1980s.  Note similarities and differences with the previous graphs from tree ring studies.  A bit of thought lets us realize that the delayed peaking is just a reflection of the rate of exchange of the atmosphere with the oceans and the growth of coral.  The 14C spike in the surface ocean proves to have perhaps its only advantageous consequence in its service as a tracer of carbon dioxide in the oceans and of the oceans themselves.

For comparison, the tree ring corrections are indicated by the gray line up to about 1950.  The roughly 5% difference with the correction factors for coral carbonate radiocarbon levels has to do mostly with different isotopic discrimination in coral vs wood. 
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* There cannot be a fractional decay, but 7.5 decays per minute means the same as 15 decays in two minutes, for example.
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