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Introduction

The starting point of "radiating elements'' chemistry can be framed by two major events, both occurring in Paris at the turn of the 20th Century. The first was when physicist A. H. Becquerel reported his results concerning the mysterious radiation of uranium salts in 1896; the second was when M. and P. Curie discovered two new radioactive elements: polonium (named for Marie's home country) in July 1898 and radium in December of the same year. From the time of these discoveries until the post-war decade, the chemistry of radiating elements underwent considerable development. In fact, the announcement by M. and P. Curie at the Academy of Sciences in Paris in 1898 probably marked the birth of modern radiochemistry. 1 The Curies and Becquerel shared the Nobel prize for physics in 1903 "in recognition of the extraordinary services rendered by their joint research on the radiation phenomena discovered by Professor Henri Becquerel". 2 Also worth noting is the discovery of X-rays by W. C. Röntgen in 1895, concomitant with the considerable progress of fundamental physics in the field of atomic and quantum physics. The sequence of discoveries that followed -the identification of α and β radiations by E. Rutherford (which later allowed him to model the structure of the atom, giving rise to the representation further proposed by N. Bohr), the discovery of spontaneous transmutation by E. Rutherford and F. Soddy (who later showed the existence of isotopes), the identification of the neutron by J. Chadwick, the discovery of artificial radioactive isotopes and transmutation by I. and F. Joliot-Curie, and the discovery of fission in 1938 by L. Meitner and O. Hahn (L. Meitner was never recognized for her role in the discovery) -is the high point of this unique adventure. [START_REF] Adloff | The dawn of radiochemistry[END_REF][START_REF] Guillaumont | On the discovery of artificial radioactivity[END_REF] It was in the context of this intense scientific research that the stage was set for the discovery of the cloud chamber, a new experimental tool used for detecting ionizing particles and for determining their trajectories. At the Cavendish laboratory of Cambridge University (created in 1874 under the Direction of J. C. Maxwell) early in 1911, C. T. Wilson first produced photographs of the tracks of individual a and b particles using a new experimental tool called a cloud chamber : "On a method of making visible the paths of ionizing particles through a gas". [START_REF] Wilson | On a method of making visible the paths of ionising particles through a gas[END_REF] These can include any electrically charged particle that passes through the chamber. With this device, the number of ionization events could be deduced from the number of tracks in the chamber and could be used to determine the particle's properties. But it was not until 1923 that the cloud chamber was further optimized, leading C. T. Wilson to publish his first paper on the tracks of electrons. [START_REF] Wilson | Investigations on X-rays and β-rays by the cloud method. Part 1-X-rays[END_REF][START_REF] Wilson | Investigation on X-rays and β-rays by the cloud method. Part II.-β-rays[END_REF] He was awarded the Nobel prize in physics in 1927 "for his method of making the paths of electrically charged particles visible by condensation of vapour". It is clear that the cloud chamber is part of the history of atomic physics and may even be considered a major actor.. As early as 1927, E. Rutherford acknowledged the importance of Wilson's chamber for nuclear physics: " I am personally of the opinion that the research conducted by Mr Wilson in this field [the cloud chamber] represents one of the most striking and important advances in atomic physics made in the last twenty years". [START_REF] Rutherford | C. The most wonderful experiment in the world: a history of the cloud chamber[END_REF] On a technical level, the gas inside a Wilson cloud chamber (later called an expansion cloud chamber) is saturated with vapor that is suddenly (adiabatically) expanded. As a result, a sudden drop in temperature results in vapor supersaturation. In this state, the vapor selectively condenses as it comes in contact with ions forming ion-tracks. In a Langsdorf diffusion cloud chamber, supersaturation is maintained by the steady diffusion of pre-heated saturated vapor downward through a non condensing gas to a horizontal refrigerated plate.

Teaching basics of radioactivity requires prerequisites (the structure of the atomic nucleus, the first order kinetic law, the relation between mass and energy etc.) that are most often not taught in the first university cycle (License 1 to License 3). The teaching of radiochemistry generally starts in the graduate program (Master 1 to Master 2) or in the framework of professional licenses. It is therefore offered to a limited number of students.

As part of the third year general chemistry program (License 3) of Université Côte d'Azur (Nice, France), general chemistry and bio-chemistry students are taught the basics of radioactivity, nuclear instability and isotopic diversity. The chapter of the class is related to the exploration of the periodic Table of the Elements and discussion about the occurrence of 92 (minus 2, Tc and Pm) natural elements on Earth. Although students are most of the time aware that radioactivity is due to nucleus instability, the vocables isotope, nuclei, radioisotope, radionuclide, and element are often defined with fuzzy notions. As a consequence, although some emblematic radionuclides are known (like tritium 3 H, [START_REF] Perry | Cloud Chamber Activities for the High School Classroom[END_REF] C, 238 U), student's view of the periodic Table of the Elements is reduced and often ignores the vast majority of (radio)nuclides. A good introduction to the diversity of natural nuclei is to recall key features : the 92 (minus 2) natural elements encompass ca 320 natural nuclei among which 70 are radioactive (radionuclides). [START_REF] Atwood | Radionuclides in the Environment[END_REF] Why are some nuclei unstable, what are the particles associated to radioactive decay (and why), what is the mathematical form of the decay law (introducing half life) are the sub-chapters that are taught. Overall, the objectives of the class aim to familiarize students with the basics of radioactivity like nucleus instability, the diversity of natural nuclides and the applications of radioactivity. 12 13 A practicum has been put in place to complement the basic notions on atomic instability taking the example of the last natural element on Earth, uranium. The development of this practicum led us to design our own table-top version of a cloud chamber of the Langsdorf type but in its static (and therefore much simpler) version.

The pedagogical objectives of the practicum itself are the following : 1) Describe the physical chemistry of a cloud chamber : write the basics of thermodynamics of the cloud, explain from a thermodynamical point of view why the could is formed and why radioactive particles do create tracks.

2) Explain the occurence of uranium in the Earth crust. Explain what is the specificity of the uranium element (Z = 92). Recall that uranium is the heaviest element (highest Z number) of the periodic table that is naturally occuring on Earth.

3) Describe the isotopic composition of natural uranium, Nat U, its abundancy in the Earth crust and expose the notion of radioactive decay chain. 4) Derive equations to calculate the energy of the alpha particle emitted by 238 U (another calculation for comparison can be made with the b decay of 234 Th). 5) Derive equations and calculate the speed of the alpha particle emitted by 238 U. Apply Bethe's law and estimate the corresponding track length.

6) Observe the tracks in the cloud chamber when the uranium is incerted. Identify which track belongs to which type of particle. Compare the track's length with linear loss calculations for the alpha particle emitted by 238 U.

Attention : basic equations used in this practicum may be not known, or at least not fully mastered. It is recommended that all the basic equations may be recalled so that students don't loose much time with theory. Obviously the practicum may also be shorten or divided for students that are less familiar with basic physics.

The design of the cloud chamber itself, the experimental work that the students are performing during their practicum and observation interpretation are described in this article.

I Design of a table-top cloud chamber

Cloud chambers are commercially available at various sizes and degrees of complexity. Laboratory experiments have also been proposed in the past although not many examples are available in the modern literature. [START_REF] Perry | Cloud Chamber Activities for the High School Classroom[END_REF] We have chosen in the context of this teaching program to build our own table-top cloud chamber.

In principle, a cloud chamber is filled with gas that is saturated and forms a fog at the contact of a cold plate positioned at the basis of the chamber. Most often, alcohol is used because both its fusion and vaporization temperatures fall within a range that is practically achievable. The strong gradient of temperature between the top of the chamber (at room temperature, 298 K) and the bottom of the chamber creates a stable fog. When an incident particle travels in this fog, it loses kinetic energy due to electrostatic interactions with the electrons of the condensed phase. The sudden apparition of charges on the particle trajectory prompts the coalescence of the droplets and forms visible tracks. The trajectories are therefore localized at the bottom of the chamber, where the radioactive source is located.

If the cold plate is covered with a dark surface, the droplets are clearly visible (making tracks) when radioactive particles are crossing the fog.

The chamber itself is a cube of 14 cm edge and this gives a total volume of 2744 cm 3 . In Figure 1 the four sides of the chamber are made of Pyrex® glass that are positioned vertically on top of the cold plate. The cold plate is equipped with a radiator on its outside base that will exchange heat with the Dewar (cold bath). On the inside, the cold plate is covered with a black plastic film that makes the "blackboard" of the chamber.

The cold source that we have selected is a bath of dry ice -ethanol at c.a. 200 K. As an alcohol to create the fog, we have chosen the isopropyl alcohol because its temperature of fusion (185 K) and temperature of condensation (355 K) [START_REF]NIST data base, webbook of chemistry[END_REF] allow to work within the dry ice -room temperature limits.

The top cover of the chamber has a hole in its center for the insertion of the radioactive source glued on a plastic rod.

Finally, a metallic cross with bolt and screws ensures tightening the entire system in order to avoid any alcohol leaks within the chamber.

Before use, the chamber is setup as described briefly (details are provided in Supporting Information file):

-The Dewar is filled with ethanol and dry ice at equilibrium (the slush has been measured at T = 205 K).

-The felt layer is soaked with 1 mL of isopropyl alcohol (this volume has been optimized and gives the most stable fog).

-The assembly is tightened with the metallic cross (bolted) until the fog is stabilized.

-The radioactive source is inserted through the hole.

-Particle trajectories are visible on the "blackboard" when illuminated from behind.

II Basic thermodynamics of a cloud chamber : supersaturated vapor, fog formation.

The practicum starts with a presentation of the cloud chamber. Before doing the experiment itself, students must explain why the use of isopropyl alcohol is appropriate in combination with a bath of dry ice -ethanol. Other choices may be given : methanol, ethanol and even water. They are asked to draw the thermodynamic cycle, estimate the number of moles that are necessary and calculate the enthalpy.

Once the cold bath is setup and isopropyl alcohol has been introduced, the cloud chamber must stabilize.

During that time students are asked to estimate the speed of the droplets (with a simple ruler) and calculate their size.

The first step in operating a cloud chamber at ambient pressure is to form a fog at the bottom of the chamber. The formation of the fog may be modeled with a simple thermodynamics cycle. Indeed, the quantity of energy necessary to condense isopropyl alcohol into droplets forming a fog is given by the thermodynamic cycle starting from the gas phase at the top of the chamber (298 K) to liquid phase at the cold plate temperature (a measure of the temperature in the 5 mm above the cold plate gives the value T = 250 K).

One first asks students to define the starting and final thermodynamic points before writing the thermodynamic cycle.

The corresponding thermodynamic cycle may be given by equation ( 1)
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using the temperature values T1 = 298 K (room temperature), T2 = 355 K (condensation temperature) and T3 = 250 K (temperature above the cold plate).

Equation (1) gives in turn the following equation for DH :

∆𝐻 = 𝑛𝐶 +(#) (𝑇 % -𝑇 , ) + 𝑛𝐿 -% + 𝑛𝐶 +()) (𝑇 ! -𝑇 % ) ( 2 
)
where n is the quantity of alcohol in mole, Cp is the heat capacity and L is the enthalpy of condensation.

One uses the following values for heat capacity and enthalpy of condensation for isopropyl alcohol:

𝐶 +(#) = 90 𝐽. 𝑚𝑜𝑙 ., 𝐾 ., at 298 K 𝐶 +()) = 160 𝐽. 𝑚𝑜𝑙 ., 𝐾 ., at 298 K 𝐿 -% = -40 𝑘𝐽. 𝑚𝑜𝑙 ., at 355 K To calculate DH one needs an approximation of n (the quantity of isopropyl alcohol in the gas phase in the chamber) that will be given by the vapor pressure inside the chamber.

To estimate the vapor pressure (and thus n), the empirical Antoine equation may be used:

𝑙𝑜𝑔𝑃 = 𝐴 - / -01 (3) 
where A, B and C are tabulated constants: [START_REF] Biddiscombe | Thermodynamic properties of organic oxygen compounds. Part VIII. Purification and vapour pressures of the propyl and butyl alcohols[END_REF] A = 4.9, B = 1357, C = -75.8 (with T in K and P in Bar)

At 298 K (the temperature at the top of the chamber), the numerical application of Antoine's law gives P = 0.062 Bar (6200 Pa). Vapor pressure data may also be obtained from reference 17. At 298 K, the value of 5900 Pa is reported, very close from the previous value obtained with Antoine's law.

The application of the ideal gas law (PV = nRT) gives the value of n = 6.9 10 -3 mole (using P = 6200 Pa and V= 2.744x10 -3 m 3 ). This corresponds to 412 mg of isopropyl alcohol using the molar mass M = 60 g.mol -1 .

The student will check that this value is less than the one used at the beginning of the experiment where 1 mL (with rC3H8O = 786 kg.m -3 this corresponds to 786 mg) of liquid isopropyl alcohol is deposited onto the felt, making certain that saturation is achieved in those conditions.

From equation (2), the enthalpy of formation of the fog from 412 mg of liquid isopropyl alcohol is equal to -355 J. One can check that the value is negative, meaning that formation of the fog is exothermic in those conditions.

Once generated, the fog will stabilize at the bottom of the chamber if leaving the system without any perturbation. The size of the droplets constituting the fog may be estimated by the observation of their falling speed. Students will use a simple ruler along the wall of the chamber and estimate the speed of the droplets. Values between 2 and 5 cm.s -1 are usual.

Let us estimate the size of a fog droplets with the fundamental principle of the dynamics :

∑ 𝑓 ⃗ = 𝑚𝑎 ⃗ = 𝑃 B⃗ + 𝐴 ⃗ + 𝐹 ⃗ 2 (4) 
where P is the weight of one droplet, A is the Archimede's buoyancy and FR is the friction force in the air.

At steady state (the falling speed limit of the droplets), the acceleration is zero and the entire equation becomes (vectors can be removed because all the forces are colinear) along the vertical axis :

3 ! 𝜋𝑟 ! 𝜌 1!4"5 𝑔 = 3 ! 𝜋𝑟 ! 𝜌 678 𝑔 + 6𝜋𝜂𝑟𝑣 (5) 
where the first term is the weight (rC3H8O is the density of isopropyl alcohol, g is the earth acceleration)

and the second term is the sum of the Archimede's buoyancy (rair is the density of air) and the friction force of Stokes law (h is the dynamic viscosity of air, v is the steady speed of the droplets). r is the radius of the droplet.

We will take : rC3H8O = 786 kg.m -3 rair = 1.2 kg.m -3 (at 298 K) h = 1.8 10 -5 kg.m -1 .s -1 (at 298 K) Equation ( 5) gives the value of r as a function of the steady speed of the droplets :

𝑟 = I &9: %#(; !"#$% .; &'( ) J ,/% (6) 
Students can easily check that the larger the size of the droplets, the larger the steady speed, which fits with common sense. With values of v between 2 and 5 cm.s -1 , one obtains r values between 14 and 23 µm. Therefore, the fog droplets are of the order of 15-20 µm radius, and this range is in perfect agreement with terrestrial fog (made of water) that goes from about 5 µm for continental fog to 15-20 µm for maritime fog. 18

III What do we learn about the uranium element and the natural uranium decay chain ?

Once the cloud chamber is stabilized, the source of uranium ore can be introduced. When doing this, students are asked to look at it (green color). A discussion about their knowledge of this element can take place. The discussion can extend to the origin of uranium, its place in periodic Table as the last natural element, its radioactive decay chain etc. According to the equations of mass balance, students are asked to calculate the energy of one alpha particle from 238 U and its speed. Did they expect this value of speed ?

In this practicum, we have selected a natural uranium ore, namely the Torbernite, which forms green crystals of the family of Autunite (uranyl phosphate). The formula of Torbernite, Cu(UO2)2(PO4)2.10H2O, shows the presence of uranyl cations UO2 2+ at uranium oxidation state +VI (the most stable form of uranium in atmospheric conditions). A picture of selected crystals to make the radioactive source is shown in Figure 2. The use of a natural ore allows us to consider that the uranium decay chains are at secular equilibrium, which means that all the nuclides within the chain display an identical activity.

Natural uranium is composed of three uranium isotopes, 238 U (99.275%), 235 U (0.711%) and 234 U (0.0056%) at the origin of two natural decay chains, that of 238 U and that of 235 U.

It is quite straightforward to calculate the relative activity of each uranium isotope in natural Torbernite using the relation between the activity and the decay constant :

𝐴 = 𝜆𝑁 ( 7 
)
where A is the activity in Bq, l is the decay constant of the considered radionuclide and N is the number of atoms. From the above natural abundances of the 3 isotopes of natural uranium, the activity of torbernite is composed of (normalized to 1 for 238 U) 1Bq for 238 U, 1.03Bq for 234 U and 0.05Bq for 235 U Therefore, it can be considered that only 238 U and 234 U series contribute significantly to the activity of Nat U.

Because 238 U is by far the most abundant isotope of uranium in earth crust, we will only consider this nuclide as an example in the following of the discussion.

238 U is the parent of the corresponding decay chain made of 13 radionuclides and 1 stable nuclide at the end of the chain, 206 Pb. The list of the 238 U daughters is presented in Table 1, together with their halflife and main decay characteristics. Considering again that the chain is at secular equilibrium, the particles produced by the 238-decay chain are composed of α particles at energy between 4 and 8 MeV (mainly between 4 and 5 MeV) and β -particles at a very large energy range in keV.

One can calculate the energy of the a particle emitted by 238 U using the mass balance of the nuclear equation :

𝑈 → 𝑇ℎ + &* %!3 &% %!" 𝐻𝑒 + 𝑄𝛼 % 3 (8)
where Qa is the energy of spontaneous alpha decay (Qa being positive). It appears from equation (8) that energy and mass are exchanged. Students will recognize the Einstein equation between mass and energy (E = mc 2 ) that can be used to homogenize equation (8). Values of atomic masses in u can be found in Wang et al. [START_REF] Meng; Audi | The AME2016 atomic mass evaluation (II). Tables, graphs and references[END_REF] The value of Qa = 4.27 MeV is obtained, similar to the value provided in Table 1 (calculation detailed in Supporting Information file). This value of Qα accounts for the kinetic energy of the alpha particle and the recoil energy of the thorium atom. Therefore, the speed of the α particle can be calculated from classical mechanic equations given that both momenta and kinetic energy are conserved. Students will check at the end of the calculation that the classical approximation is valid. This gives the set of following equations with two unknown variables vα and vTh :

𝑚 = 𝑣 = = 𝑚 -> 𝑣 -> (9) 
𝑄𝛼 = , % 𝑚 = 𝑣 = % + , % 𝑚 -> 𝑣 -> % (10) 
using the mass of a particle at rest ma = 4.00260 u and the mass of 234 Th, mTh = 234.044 u, one finds the value of va and vTh by converting ( 9) and ( 10) in u and multiplying the result by c (c = 2.99792x10 8 m.s - 1 ) to obtain the speed in m.s -1 . va = 14.2264x10 6 m.s -1 and vTh = 2.43299x10 5 m.s -1 This means that the speed of the a particle is close to 5% times the speed of light for the decay of 238 U and the recoil speed of Th is about two orders of magnitudes less. Indeed, both values are far enough from the speed of light to consider the classical treatment of equations (9-10) valid.

For comparison, 234 Th (daughter of 238 U in the 238-decay chain) is a 100% b -emitter. It is interesting to compare the speed of the a particle from 238 U decay and the speed of the b -particle from 234 Th decay.

Of course, this is only indicative as the energy range of b decays is very large, depending of the parent nucleus.

The nuclear equation may be written as :

𝑇ℎ → 𝑃𝑎 + &, %!3? &* %!3 𝛽 . + 𝑄𝛽 + 𝜈̅ (11) 
Similar calculation as in equation (9-10) should take into account the energy of b -decay and the energy of the anti-neutrino. This is not straightforward and again out of the scope of this discussion. But to estimate the speed of the b -particle one can directly use the tabulated energy of the most probable b - transition of 234 Th given in Table 1.

With the approximation that the entire energy of b -is transformed into the kinetic energy of the particle itself (approximation that the recoil energy of Th is negligeable and that Qb corresponds to transition to ground state) one can use directly the expression of kinetic energy :

𝑄𝛽 = , % 𝑚 A 𝑣 A % (12)
Using the value for the mass of the electron (at rest) mb = 5.486x10 -4 u, and the value of Qb given in This value is about 2 orders of magnitude higher than the speed of 238 U a particle, very close to relativistic value (88 % times the speed of light). From that result one may argue that using the mass of the electron at rest and equations (9-10) in their classical treatment was not a very good approximation and that a relativistic correction to the mass might be needed. But this would be out of the scope of the present practicum.

IV How to distinguish between the a and b particles in the cloud chamber ?

Students are asked to observe the tracks in the cloud chamber and estimate their length. Using Bethe's law and the values obtained in section III, they can estimate the theoretical length in ideal conditions and compare with their own values.

When a charged particle crosses the fog medium, it provokes ionization of the air and alcohol molecules in the gas phase and in the liquid phase (droplets). As a result, charges are created inside the alcohol droplets. Those charges overcome the superficial tension of each droplet and provoke coalescence of the droplets that will form in turn larger and visible drops. Therefore the interaction between the charged particle and the alcohol is at the origin of the tracks that can be visible in the chamber.

It can be understood that the energy loss of a particle as a function of the distance it travels in the fog medium (-dE/dx) is related to the properties of the medium itself. [START_REF] Foschini | The "fingers" of the physics[END_REF] At the beginning of the 20 th century, N. Bohr published its theory of dispersion of a particle in matter based upon classical mechanics. 22 But it wasn't until the 30s that H. Bethe included quantum mechanics in the equation, and in 1933 F. Bloch proposed a homogenized equation. [START_REF] Bloch | Zur bremsung rasch bewegter teilchen beim durchgang durch materie[END_REF][START_REF] Bloch | Bremsvermögen von Atomen mit mehreren Elektronen[END_REF] The classical version of what is often called the Bohr-Bethe-Bloch equation (or simply Bethe's equation) may be written in a simple (non-relativistic) version as follows:

25 - ! " #$ #% = 𝐾 & ! ' ! ( ) 𝑙𝑛 & *+ ! ' ! , " - ' (13) 
where :

z is the charge of the emitted particle (for alpha particle z = 2) b is the speed of the particle normalized by c (the speed of light) me is the mass at rest of the electron r is the density of the medium (here rC3H8O = 0.786 g.cm -3 )

Z is the number of electrons of the medium and A is its number of mass (with isopropyl alcohol Z is about 34 and A is 60 g.mol -1 ). Therefore Z/A is about equal to 0.5 which is an average value for light elements. [START_REF]Report 49 of the International Commission on Radiation Units and Measurements, Stopping Powers and Ranges for Protons and Alpha Particles[END_REF] I is the mean excitation potential of the isopropanol medium.

K is a constant that is equal to 0.31 MeV.cm 2 .g One can see that the linear loss of energy in equation ( 13) is proportional to the ratio between the particle charge and its speed (z 2 /β 2 ) on the one hand and to the inverse of the density of the material ρ on the other.

One will consider the simple case of the a particles of 238 U discussed above. We have found that their velocity equals about 5% that of the speed of light (the precise calculation gives b = 0.0480).

The numerical application of equation ( 13) needs an estimate of I for isopropyl alcohol with A = 60 g.mol -1 and Z = 34 electrons. A good approximation of I/Z is given by the relation I/Z = 10. 22 We will therefore consider an approximated value of I = 340 eV. In any case few hundreds of eV are usual values and equation ( 13) is only slightly sensitive to the exact value of I. The numerical application of the second term of equation ( 13) gives the following approximation :

V %E + A + ? , G W ≈ 3.00 × 10 ! 𝛽 % (14) 
The full numerical application of equation ( 13) then gives -, ; HI HJ ≈ 500 𝑀𝑒𝑉. 𝑐𝑚 % . 𝑔 ., .

Therefore, the trace of the 238 U alpha particle using pure isopropyl alcohol as a detection medium is of the order of 400 MeV.cm -1 . The numerical application with a particle of 4.27 MeV gives traces of about 100 µm. But, of course, this value considers pure isopropyl alcohol, which is not the case for the fog.

For comparison, the same particle in pure air medium (r = 0.0012 g.cm -3 ) would travel around 5 cm.

Tracks in between those 2 values may observed in the chamber.

Figure 3 shows a picture of the cloud chamber taken with a source of Torbernite described at the beginning of the section. On the picture traces of the order of few cm are visible and are attributed to a particle. One should note that all alpha emitters of the 238-serie will contribute to a trace, not only 238 U as calculated above. Traces of a particles can be observed.

V Is deviation with a magnetic field possible ?

One question that often arises among students is whether or not it would be possible to deviate the particles with a magnetic field. Images of spiral tracks of charged particles are often well-known and very spectacular.

To be able to evaluate the magnetic field that would be necessary to observe such spiral tracks, one must consider a particle that travels with a friction force in the detection medium and in a magnetic field B.

mm

simple experiment such as this, concepts that belong to thermodynamics, classical point physics, radioactivity and even chemistry are being addressed in a complementary manner.

Finally, with this practicum, students actually visualize radioactivity. They very often take photographs and even films with their smartphone. It is interesting to note that α or β particles are not visible by themselves but are revealed to our eyes through the use of the chamber fog. How physical phenomena can be revealed may be another development that goes beyond the description of radioactivity. It is also a lesson from history that scientific exploration requires having a background in all the fields of science.

Apart from generic skills in basic physics and nuclear physics, the practicum is a tool for generating curiosity and teaches that the lines that divide one scientific discimine from another are often fuzzy. At the end of the practicum, students should be able to :

1) Define and given examples of radioactivity, radioactive decay and radionuclides.

2) Describe the uranium element, its natural isotopes and decay products 3) Explain how radioactive decay has been made visible to human eyes.

2

 2 photographs only when significant events are occurring. In 1948 P. M. Blackett received the Nobel Prize for physics "for his development of the Wilson cloud chamber method, and his discoveries therewith in the fields of nuclear physics and cosmic radiation".2 

Figure 2 :

 2 Figure 2 : Optical microscope picture of the Torbernite, Cu(UO2)2(PO4)2.10H2O, that has been used as a source of natural uranium in the practicum.

Figure 3 :

 3 Figure 3 : Photograph of the cloud chamber with a crystal of Torbernite at the bottom of a plastic rod.

  

Table 1 :

 1 Nuclides of the 238 U (parent) series with main decay data from reference 20

	nuclide	half life	decay ratio	main energy (keV), %
	238 U	4.47 10 9 y	100% a	4270 (77.5%)
	234 Th	24.1 d	100 % b-	198 (77.8%)
	234m Pa	1.16 min	99.8 % b-	
	234 U	245 500 y	100% a	
	230 Th	77 000 y	100% a	
	226 Ra	1600 y	100% a	
	222 Rn	3.8 d	100% a	
	218 Po	3.1 min	99.98% a	
	214 Pb	26.9 min	100 % b-	

Table 1 (

 1 198 keV) leads to the value of vb = 2.63853x10 8 m.s -1 .
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A technical drawing of the table-top cloud chamber that has been designed is presented in Figure 1.

Details are provided in the Supporting Information file. Again the fundamental principle of the dynamics gives :

where q is the particle charge, m is its mass, v is its speed and B is the magnetic field normal to the trajectory plan and l is the friction coefficient.

The centripetal acceleration is given by 𝑎 =

where r is the radius of the circular movement of the particle at speed v.

A simple projection of equation ( 15) within the plan of trajectory gives the relation between r, v and the magnetic field in the case where l is zero (the particle travels freely in a magnetic field, otherwise one needs to resolve the differential equation, which is out of the scope of this discussion).

𝑚

:

When the friction coefficient is not equal to zero (as is the real case), the particle's trajectory is a spiral for which the equation will not be provided here. At the end of the trajectory, the speed of the particle is zero (because of the friction force).

For the sake of simplicity, let us assume that l = 0 (the trajectory will be a circle). The numerical application of equation ( 16) is performed with the a particle described above (v = 14.2266x10 6 m.s -1 , m = 4.00260 u) and with an indicative radius of 10 cm that would be easily detectable in a 14 cm chamber.

The corresponding value of B equals about 3 T. This is a very high value for a small experimental setup (for a simple solenoid, the value of B is given by B = µoni, where n is the coil density and i the current).

For a coil density of let say 1000, such a magnetic field would require a current of 2300 A. This is of course impossible to achieve with this type of setup.

VI Conclusion, what has been learned ?

The chemistry of radiating isotopes can be traced back to the beginning of the 20 th Century. This practicum based on cloud chamber experiments links very interesting notions together : first, the scientific historical background, because the discovery of atomic physics (and quantum physics) is probably one of the major steps in the history of science; second, nuclear technological background linked with the involvement of nuclear chemistry in energy production and in the medical sciences; and third, environmental and earth science background because the presence of radioactive decay chains in the earth's crust is disconnected from a "static" vision of the periodic Table of the Elements. With a
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