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1. What we need to know 

The wireline logging engineer employs radioactive sources and equipment that detects gamma 
rays (natural and induced) and neutrons. It is important for him to understand the various 
principles of measurement so that he can find the job more fulfilling and offer informed 
opinions to the client when required. Before studying individual wireline log measurements he 
should first have a basic understanding of the atom, its various nucleons and the nature of 
radiation. This is a simple homespun guide to quantum mechanics and chemistry which is not 
for the scientist but is, hopefully, both easy to understand and to remember. 

 

2. The atom 

The atom is the tiny building block of all matter. It is really small. If you placed atoms in a line, 
you could fit two hundred million of them in one centimetre. The atom has three components: 

• Positively charge protons 

• Neutrons with no electric charge 

• Negatively charged electrons 

The protons and neutrons (called nucleons) 
combine to form the core or nucleus of the 
atom. The electron is tiny. Its diameter is 
1836 times smaller than a proton which is 
just slightly smaller than a neutron. The 
picture on the right shows a helium atom. 
The densely packed neutron is at the centre and the electrons are orbiting, some distance 
away. Actually, the diagram is misleading. The diameter of the central nucleus is (typically) ten 
thousand times smaller than the diameter of the atom as a whole. So the electrons are spread 
out and have different orbits called shells. If the nucleus were the size of a golf ball, the nearest 
electron (orbiting in the inner shell) would be about a kilometre away. In complex atoms with 
lots of electrons, there are multiple shells. In our analogy, the second shell would be four 
kilometres away and the third shell ten kilometres away and so on. 

So the atom is not a pile of bricks, it is a group of tiny particles held together, in space, by 
electro-magnetic energy. There is a lot of ‘inner space’. If you assembled the six billion people 
that live on Earth and took away the inner space of their atoms, you could fit the whole lot onto 
a teaspoon. That dense blob of humanity would weigh about three hundred million tonnes. 

 

3. Atomic number and weight 

The helium atom, in the picture above, has two positively charged protons. Because the atom 
prefers a neutral electrical state overall, it requires two negatively charged electrons to balance 
its charge. There are also two neutrons with no charge. These can be thought of a protons and 
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electron mixed together as one particle. So why do we have neutrons? The protons, all having a 
similar electric charge, repel each other by the effect of the electro-magnetic force. They are 
held together in the nucleus by the counter effect of the 'strong nuclear force'. This force is 
stronger than the electro-magnetic force but has a smaller range. The neutrons are there to 
hold the atom together. They add to the overall binding effect of the strong nuclear force but 
exert no electro-magnetic repulsion. Because the repulsive force has a longer range, bigger 
atoms need extra neutrons to counter its effect and to provide stability. 

The various chemical elements are defined by the composition of the atom. The Atomic 
Number (Z) of an element is the number of protons in its unique atom. This is usually the same 
as the number of electrons. The number of electrons can vary temporarily. If the atom gains or 
loses an electron it is called an ion and will become negatively or positively charged. Its atomic 
number will not change in this case. 

The Atomic Weight (A) of an atom is the total weight (mass) of all the protons, neutrons and 
electrons. A single neutron can be thought of as the unit of mass as it is roughly equivalent to a 
proton plus an electron or approximately one ‘g/mol’. A silicon atom has a mass of 28.0855 
g/mols. Since it bears atomic number 14 we can predict that it has 14 proton/electron pairs (to 
balance its charge) and 14 neutrons to help it hold together. Each element may have more than 
one isotope, atoms with the same atomic number but different numbers of neutrons. 

 

4. The periodic table 

An abbreviated list of elements (most common isotopes) 

Z Name Chemical series Mass (g/mol)  Comment 

Common hydrogen has  just one nucleon, a proton  (it requires no neutron) 

1 Hydrogen Non-metal  1.0079 Z/A = 1 

Most rock-forming elements, between 2 and 20, have Z/A ratios close to 0.5 

2 Helium Noble gas  4.0026 Z/A = 0.5 

4 Beryllium Alkaline earth metal  9.0121 1 extra neutron 

6 Carbon Non-metal  12.0107  Z/A = 0.5 

8 Oxygen Non-metal  15.9994 Z/A = 0.5 

11 Sodium Alkali metal  22.9897 1 extra neutron 

12 Magnesium Alkaline earth metal  24.3050 Z/A = 0.5 

13 Aluminium Poor metal  26.9815 1 extra neutron 

14 Silicon Metalloid  28.0855 Z/A = 0.5 

17 Chlorine Halogen  35.4530 1 extra neutron 

19 Potassium Alkali metal  39.0983 1 extra neutron 

20 Calcium Alkaline earth metal  40.0780 Z/A = 0.5 

There is a significant increase in (extra) neutron count above atomic number 20 

21 Scandium Transition metal  44.9559 3 extra neutrons 

26 Iron Transition metal  55.8450 4 extra neutrons 

28 Nickel Transition metal  58.6934 3 extra neutrons 

29 Copper Transition metal  63.5460 6 extra neutrons 

30 Zinc Transition metal  65.3800 5 extra neutrons 

 

The ‘Periodic Table’ above is abbreviated to concentrate on the major rock-forming elements. 
The first thing to notice is that hydrogen, the smallest atom, has an atomic weight close to just 
1. This indicates that it has no neutron, which is indeed the case. It does not need a neutron as 
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there is no second proton pushing the atom apart. It must be the most stable atom. The second 
thing to notice is that, for all of the major rock-forming elements (silicon, magnesium, 
aluminium, calcium and oxygen), the Z/A ratio, the proportion of protons (Z) to total nucleons 
or atomic mass (A) is close to 0.5.  

Wireline loggers have a clever way of measuring the abundance of electrons in the rock 
formation. This allows them to determine the number of protons therein and, by dividing that 
by the Z/A ratio (0.5), they get the total nucleon count which must be proportional to bulk 
density. 

The third thing to notice, in the Periodic Table, is that the Z/A=0.5 rule changes at about atomic 
number 20. The elements that include the base metals have atoms that are large enough to 
require a few extra neutrons to hold them together or stabilise them. 

 

5. Radiation 

The very large atoms of elements above 82 in the Periodic Table have no stable isotopes at all. 
In a sense, they are just too big for their environment and so are unstable.   

An abbreviated list of elements (most common isotopes) 

Z Name Chemical series Mass (g/mol)  Comment 

Common hydrogen has  just one nucleon, a proton  (it requires no neutron) 

1 Hydrogen Non-metal  1.008 Z/A = 1 

Most rock-forming elements, between 2 and 20, have Z/A ratios close to 0.5 

4 Beryllium Alkaline earth metal  9.012 4 protons and 5 neutrons 

14 Silicon Metalloid  28.085 Z/A = 0.5 

17 Chlorine Halogen  35.453 17 protons and 18 neutrons 

There is a significant increase in (extra) neutron count above atomic number 20 

26 Iron Transition metal  55.845 26 protons and 30  neutrons 

50 Tin Poor metal  118.710  

55 Caesium Alkali metal  132.905 Caesium Cs133 has 55 protons and 78 neutrons 

79 Gold Transition metal  196.966  

80 Mercury Transition metal  200.590  

81 Thallium Poor metal  204.383  

82 Lead Poor metal  207.200 Lead Pb207 has 82 protons and 125 neutrons 

The elements above atomic number 82 have no stable isotopes 

83 Bismuth Poor metal  208.980  

84 Polonium Metalloid  208.982  

86 Radon Noble gas  222.017  

88 Radium Alkaline earth metal  226.025 Radium Ra226 has 88 protons and 138 neutrons 

90 Thorium Actinide 232.038  

91 Protactinium Actinide  231.036  

92 Uranium Actinide  238.029 Uranium U238 has 92 protons and 146 neutrons 

95 Americium Actinide  243.061  

98 Californium Actinide  251.080  

All elements have more than one isotope and at least one is unstable. This means that all 
elements have at least one radioactive isotope. Even hydrogen has a (very uncommon) 
radioactive isotope; H3 has one proton, two neutrons and a ‘half-life’ of approximately 12 years. 
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The term half-life is used because the radioactive life of a particular unstable isotope cannot be 
measured. Radioactive decay occurs randomly and is unpredictable so, in an isotope with a 
half-life of 20 years, some atoms might take 500 or even 10,000 years to decay. The half-life is 
the time it takes for half of the atoms to decay. We can calculate that by measuring the activity 
of the isotope, the average disintegrations per second, at regular time intervals. 

What does decay mean? It results from the atom having wrong number of neutrons, or having 
too many neutrons (too much energy, too much mass or both). The nucleus of such an unstable 
atom is unbalanced or just too large to maintain its current state indefinitely. It must decay to a 
smaller size by releasing some of its mass. This is done by the spontaneous emission of a 
particle, either alpha or beta decay. Alpha decay kicks out the equivalent of a helium atom; two 
neutrons and two protons, so the atom changes to another elemental state, two steps lower 
down the Periodic Table. Beta decay (typically but not always) ejects an electron from the 
nucleus, thus changing one neutron into a proton and moving the atom to a new elemental 
state further up the Periodic Table. This might be a transient stage for the larger elemental 
atoms since, ultimately, Alpha decay will move them in the direction of stable lead.  

In our example of H3, the hydrogen decays via Beta decay (losing an electron from one nucleon) 
to helium He3, it therefore gains a proton and becomes a helium atom (two protons) that is 
short of one neutron and is rare on Earth but stable. It is used in neutron detector tubes due to 
its high absorption qualities. 

The reduction in mass after Alpha decay means that an atom requires less electro-magnetic 
energy to maintain its new shape. To correct this situation, a burst of electro-magnetic energy 
with no mass is released from the atom. It is a photon, known as a gamma ray. This is radiation 
resulting from atomic decay and it is a universal phenomenon.  

 

6. Natural gamma radiation 

There are four common naturally 
occurring radioactive isotopes:  

• Potassium (K40) 
• Uranium (U238)  
• Uranium (U235) 
• Thorium (Th232) 

Uranium is number 92 on the Periodic 
Table, so it cannot decay to the 
nearest stable element, lead (see 
table above), in one step. It actually 
takes fourteen steps creating new 
daughter isotopes which all have 
different half-lives. The table on the 
right shows all the progeny of U238. 

The half-lives vary from billions of years to a few micro-seconds. Polonium214 must be very 
unstable indeed. This all means that, wherever you find uranium deposits, you would normally 
expect to find all the daughter elements in the same place. Notice that there are two unstable 
isotopes of lead listed but once lead Pb206 is reached, its stability results in no further decay. 

The various isotopes listed in the table have different types of decay, both Alpha and Beta, and 
emit radiation of very different energies. Ra226 is in the list with a half-life of 1600 years. That is 
the isotope used in gamma calibrators (usually about 1 micro-gram of radium). 

Isotope Approximate 
half-life 

Type of 
decay Daughter 

Uranium 238 4,400,000,000 yrs Alpha Thorium 234 

Thorium 234 24 days Beta Protactinium 234 

Protactinium 234 1 minute Beta Uranium 234 

Uranium 234 240,000  yrs Alpha Thorium 230 

Thorium 230 77 years Alpha Radium 226 

Radium 226 1,600 years Alpha Radon 222 

Radon 222 4 days Alpha Polonium 218 

Polonium 218 3 minutes Alpha Lead 214 

Lead 214 27 minutes Beta Bismuth 214 

Bismuth 214 20 minutes Beta Polonium 214 

Polonium 214 160 micro-secs Alpha Lead 210 

Lead 210 22 years Beta Bismuth 210 

Bismuth 210 5 days Beta Polonium 210 

Polonium 210 140 days Alpha Lead 206 (stable) 



The logging engineer measures naturally occurring gamma radiation, from the three elements 
K, U and Th. Gamma radiation is measured using a sodium iodide (NaI) crystal poisoned with 
the element thallium which is observed by a light-sensitive photo-multiplier tube. It can be seen 
on the Periodic Table shown earlier that thallium has atomic number 81, so it will be heavy and 
will have at least one stable isotope (we don’t want to introduce radiation in the detector 
material). Importantly, it has a lot of electrons. 

The NaI crystal, shown on the right, captures 
gamma rays within thallium’s large cloud of 
electrons (81 in 6 shells). The gamma rays interact 
with electrons of the inner shells and are absorbed 
by them. The energy imparted often exceeds the 
binding energy of the electron (which is greater in 
atoms of higher atomic number) and it is expelled 
from its shell. Energetic electrons scatter and 
transfer their energy to multiple other electrons 
ionising atoms in the process. As outer shell electrons cascade inwards to replace those now 
missing from the inner shells, low energy photons of excess energy are emitted (there is surplus 
energy because electrons in the inner shells require less energy to hold them in place). These 
photons, of X-ray energy, are detected by a photo-multiplier tube. They are ultimately 
converted into an electrical pulse. The essential role of the crystal is to convert one high energy 
photon (gamma ray) into a large number of low energy photons (visible light). The visible light 
is then detected and measured. 

Since high gamma radiation (particular from potassium) is associated with clay minerals, the 
natural gamma log is a very useful lithology typing tool in sedimentary formations. 

 

7. Gamma interactions with atoms 

The same NaI crystal detector system is used to measure electron density except, in that case; 
the gamma ray cloud is induced. A Caesium Cs137 radioactive source is used because it produces 
gamma rays of the required energy. Gamma rays interact with atoms in three ways: 

• Compton scattering 
• Pair production 
• Photo-electric absorption 

In Compton scattering, gamma rays are most likely to collide with electrons, not the nucleus. 
The atom is ionised, losing an electron which takes some energy from the gamma ray. The 
incident gamma ray loses energy and changes direction. This occurs multiple times until the 
gamma loses all its energy and is absorbed by an electron. 

In pair production, the incident 
gamma ray is converted into an 
electron-positron pair as it interacts 
with the electric field of a nucleus. The 
positron is annihilated with another 
electron, which results in the emission 
of two gamma rays, both with 
energies of 0.511 MeV. The pair 
production phenomenon is not used 
in well logging. From 'Well Logging for Earth Scientists' Ellis/Singer 



The photoelectric effect results from the absorption of a slowed-down gamma ray by a bound 
electron. After multiple collisions, a gamma ray retains insufficient energy to Compton scatter 
and a collision with an electron results in its absorption by an electron which is then ejected 
from the atom. The ejected electron is replaced, resulting in the emission of characteristic 
photon, of X-ray energy. The absorption of a gamma ray by an electron, in this way, has a 
greater probability where the atom has a higher atomic number (higher binding energy). This is 
why thallium is used in a scintillation detector. 

The Cs137 gamma ray has an initial energy of 660KeV, which places it ideally within the energy 
range where Compton scattering is dominant and avoids extra counts caused by pair 
production. In the diagram above, the horizontal line indicates the highest atomic number of 
the major rock building elements, so logging interactions occur mostly below that line where 
Compton scattering is very dominant. Compton scattering is the interaction used in density 
logging – refer to the relevant training module. 

 

8. Uses of neutron radiation 

In wireline logging neutrons are used to bombard the formation and detect the presence of 
hydrogen in water-filled pore spaces. The neutron log is mainly used as a measure of porosity. 

The radioactive source, known as the AmBe source, employs nuclear fission to produce 
neutrons. Alpha particles are emitted by the radioactive isotope Americium Am241, which is 
inter-mixed with beryllium Be9, resulting in spontaneous fission by the beryllium and the 
release of high energy neutrons. The half-life of the source depends on the Alpha emitter. In 
this case, Am241 has a half-life of 432 years so that is the half-life of the source. 

Neutrons are particles with both kinetic energy (momentum) and mass. Since they are 837 
times bigger than an electron, they do not interact with electrons but just ignore them and 
strike much larger nuclei. This results in either scattering (a bit like Compton scattering) and, 
ultimately, absorption. Neutrons are thermalised (slowed down) by scattering and this is the 
important interaction for the logging engineer. 

The atom that is most effective at thermalising neutrons is the hydrogen atom. As we know, its 
nucleus comprises just one proton so this is about the same size as a neutron. This means that 
the incident neutron transfers more energy to the target nucleus. Think of the snooker table 
analogy. If a snooker ball strikes another snooker ball straight on, it transfers all its energy and 
stops dead. If it strikes the target ball at an angle it transfers some of its energy. If it strikes the 
side of the very heavy table, it returns at the same speed having lost very little energy. So 
hydrogen is much more likely to slow down a neutron than other elements that might be found 
in the formation. The nearest is carbon (in coal) whose atom is twelve times bigger than that of 
hydrogen. 

Hydrogen in water-filled pore spaces may be logged by bombarding rocks with neutrons and 
measuring the hydrogen count at a fixed distance away. Low counts will mean that hydrogen 
has slowed down most of the neutrons to a point where they are absorbed before they reach 
the detector. 

Neutron absorption may dominate the log in dry boreholes where there are large atoms in the 
formation, such as those of the base metal elements. 
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