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Abstract
The purpose of this study is to explain the different phenomena happening in the Planeterrella, and investigate the electron temperature of air, argon and helium. The research will also focus on the difference in
spectra of these different gases. These gases will also be mixed to result in an mixed emission of spectra.
The gases are introduced through an air tap into a vacuum chamber, to regulate the amount of gas entering
the setup. The voltages on the aluminum spheres in the Planeterrella were kept constant, while the pressure
and the amount of gas was varied. The spectrometer that was used has a range of 420 to 860nm to be able to
identify all the spectra of the three gases. The spectra obtained from the measurements are divided by the
sensitivity curve of the spectrometer, to get the real emission of the Planeterrella of air into the Planeterrella
per minute should be have a linear relation, but when the time exceeds 60 minutes, the function starts a
1
display a t− 2 relation. This means that a measurements has to be done immediately, or with a steady supply
of gas while keeping the same pressures. Measurements show that after approximately 3 minutes of a steady
supply of gas, the ratio of gas-air will stay the same. The green emitting helium and the purple emitting
argon are mixed at different ratios to be able to activate the emission of helium. There is a difference in
ionization energy of helium (24.58741 eV) and argon (15.75962 eV) causing noticeable differences in the color
emitted in the Planeterrella only at percentages of helium above the 90 percent. Air has approximately
the same ionization energy as argon, but there is more air emission than expected. This is caused by the
leakage of air into the Planeterrella. The different peaks in the spectra of helium and argon do not decrease
with the same rate. Emission lines that overlap with the active wavelengths of air stay active for longer
periods of time, and these overlapping lines decrease at the slowest pace. The temperature of the gases were
2912±73 K for helium, 8181±720 K for argon and 10261.3±189.5 K for air. The temperature for helium
should be higher according to difference research and the mean free path of the substances. These results can
be interesting because of the little research into electron temperature under these circumstances. The result
can be taken as a starting point towards further research of other substances. Furthermore, the spectrum of
singly ionized argon is visible. No conclusion can be drawn for the electron temperature however, because of
the many transitions from Ar+ to Ar2+ and the error in the spectrometer. Other research after this report
might give further insight in the behavior of electrons and their temperature in the Planeterrella.
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Introduction

The Terella finds it origin in the 19th century. In this period, the Norwegian scientist K. Birkenland set
up an experiment with a metal sphere inside a glass vacuum chamber. He then shot an electron beam at
the magnetized metal sphere. This resulted in a recreation of the auroras that are visible near the north
and south pole of the earth. Birkenland was able to show how these oval coloured emissions, more formally
known as auroras, were formed [1].
Looking at the bigger picture, this electron beam is known as a solar flare. These flares carry a large cloud
of electrically charged gas, which is shot towards the earth. The earths magnetic field causes the solar flair
to redirect. The particles present at the south and north pole then come in contact with these electrons,
causing the electrons of the particles to emit light after the collisions by releasing energy. The theory behind
the emission will be discussed more thoroughly in chapter 2.1.

Figure 1: The polar lights with different colors at different heights (Image by Condé Nast traveler, made
by Paul Rubio)
The Terella setup was later improved by J. Lilensten, who called it the Planeterrella. In this setup a second
sphere was introduced, thus being able to represent the sun more realistically. These spheres were then
placed on a rod instead of a hanging wire, which made it possible for the spheres to be moved around. With
this setup, they were able to recreate many different phenomena including differently shaped auroras, which
will not be discussed in detail [2].
The inability of this method however is the creation of the coloured emission seen on Earth. There is a
vast range in colours in the auroras of the earth (called the polar lights). This range is created by different
substances having a different unique emission spectrum. Most often the auroras are green, caused by the
excitation of ozone high in the atmosphere. Although less common, red and blue lights can also be visible.
These colours are created by oxygen and nitrogen respectively [3]. In the Planeterrella setup, it is often
water vapor or nitrogen that causes the emission of light. These are both molecular substances, meaning
they contain two or more atoms. What would happen if an atomic substance is introduced, for example
argon or helium? Do the emission ovals change shape? Is the ionization of air comparable to for example
helium, which has a different ionization energy?
This report will focus on those questions. To understand the background of some parameters and to obtain
knowledge on the differences in the three gases, the theory will be discussed first. This theory will involve
electric and magnetic fields and their creation at a large scale, taking the sun and the earth as an example.
The setup will be described in great detail, and calibration measurements will be executed on the setup.
These calibration measurements involve a sensitivity curve for the spectrometer, and the leakage of air into
the vacuum chamber of the Planeterrella. After that, argon and helium are introduced into the setup. Here
the difference between intensities, spectra and pressure will be analyzed, to finally discuss the results.
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2.1

Theory
Emission spectrum of air and argon

The aurora on earth is created by the excitations of air molecules. This happens when the electrically
charged particles formed by solar flares reach the earth’s atmosphere and excite different kind of molecules
at different heights. At 1000 km above earth’s surface, ultra violet light will cause nitrogen to ionize into
N2+ , which emits wavelengths of 391.4 nm and 427.8 nm [3]. Between 200 and 100 km, it is mainly the
green color that dominates. Here, atomic oxygen decays from its second excited state to the first one, with
a lifetime of 0.73 s. The second excited state is reached because of two factors: 1) Excited nitrogen will
collide with atomic oxygen to reach the second state because of its long lifetime, and 2) the ultraviolet light
is strong enough to produce atomic oxygen at high ratios. The emission of oxygen from the first to the
ground state can not be seen. The long lifetime of the first excited state enables oxygen to collide with many
different substances. These collisions also enable oxygen to lose the energy gained from the excitation in
multiple collisions. At altitudes below 100 km, nitrogen emission occurs in ranges of wavelength from 640
to 670 nm, 740 to 760 nm and 820 to 875 nm. This results in a red color [4]. The energy needed to ionize
nitrogen is high (29.6013 eV). This makes a aurora with red lights unlikely, as strong solar flares are needed.
In the planeterrella setup, H-α will have the highest intensity [5]. This result was found by comparing the
outcomes of the spectrometer to the available molecules in air.

(a) calculated emission spectrum

(b) experimental emission spectrum

Figure 2: The calculated and experimental spectra of argon. Noticeable is the difference between the intensity
of the peaks. Some emission lines are not even visible in the measured spectrum [6]. The relative intensity is
more important than the numbers inside the graph. The wavelength numbers can be found via [NIST_ASD].
The introduction of argon and helium into the planeterrella brings new emission lines, as well as new
challenges. Some strong emission lines can be found at 706.7218 nm, 727.2936 nm and 1047.0054 nm [7].
The experimental values can also differ from the calculated values as can be seen in 2a and 2b. One thing
multiple sources do have in common is that the transition from the 4p to the 4s electron state dominates,
having wavelengths from 650 nm to 1000 nm. Noticeable about these emissions is the difference between
the ground state of argon. The last wavelength of 1047.0054nm has ground state 1s2 2s2 2p6 3s2 3p6 . Looking
at this state, it is easy to notice that the shells are completely filled, making the L=0 and S=0 according to
Hund’s rules. This gives in a compact notation 1 S0 . The ground states of the 671.8513 nm and 723.3606 nm
have an electron configuration given by 1s2 2s2 2p6 3s2 3p5 . This argon ion (Ar+ ) is made when the ionization
energy of 15.76eV has been added to the electron configuration 1s2 2s2 2p6 3s2 3p6 . This argon ion has one
free space which was previously taken by an electron. This means that according to Hund’s rule L=1 and
S= 21 , which gives 2 P3/2 . The ionization of the ion Ar to Ar2+ is 43.39 eV in total [8]. The wavelengths of
this ion are not that well determined, and therefore only Ar and Ar+ will be taken into account at first. The
spectrometers used in this experiment will primarily focus on visible light. This is why the wavelengths of
706.7218 nm and 727.2936 nm, together with other dominant peaks, will be most important in this research.
The same story can be told for helium, which has the highest peaks at a wavelength of 587.5621 nm and
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447.14802 nm, and all transitions from helium to singly ionized helium occur with the electron configuration
1s2 2p2 to 1s2 3d2 (for 447.14802 nm) or 1s2 4d2 (for 587.5621 nm) [9].

2.2
2.2.1

Plasma physics
Creation of a plasma

To begin with, plasma is an ionized gas. This ionization can be created by putting in energy in the form
of heat, light or electricity. All these methods supply enough energy to the gas to have the atoms collide
with each other, resulting in ions and lose electrons. These ions and electrons differ in temperature [10].
The ions are way heavier than the electrons, meaning an electron-ion collision will not transfer much energy
to the ion. Furthermore, all the movement of electric charge in the ring of the Planeterrella may create a
magnetic field. The direction of the field can be found using the right hand rule. The electric field might
strengthen the magnetic field, resulting in a enforcing positive loop. In the case of the Planeterrella, the
plasma is created by accelerated electrons, which come from a high difference in potential. These electrons
have a relative large free path, because the experiment is executed at low-pressure. This means that the
ionization of the gas can happen at lower and safer voltages. Lastly, the Townsend effect encourages the
release of extra electrons because of the avalanche effect [10]. However, the current in the Planeterrella is to
large, as will be discussed in section 2.2.6 and is visible in figure A.1.
When the accelerated electron meets a bound electron, it might give off some of its (kinetic) energy. This
energy can place the electron in a higher energy state. When the electron wants to go back to the ground
state, is has to release this extra energy. It does so in the form of light. The energy levels are different for
each atom, meaning every atom emits a different wavelength (because of the different energy associated with
each transition from one energy level to another).
2.2.2

Interstellar plasmas and magnetic fields

Figure 3: The earth’s convection zones and convection currents, which create the magnetic field of the
earth. The same process occurs in the sun (Image made by U.S. Geological Survey).
A good example of a plasma in the universe is the sun. The sun has a lot of energy because of fusion, making
it one big ball of plasma. It is not only a plasma, it is also a magnet. The sun’s magnetic field is caused by
the sun’s dynamo effect. The same goes for the earth. This dynamo effect of the earth is displayed in figure 3
[11]. This effect explains the constant reinforcement of the magnetic field using convective currents. It works
as follows: the sun is warmer at its core than the outer layers [12]. As the atoms are heated, they rise up to
the surface, where it is cooler. There are many different convection currents with different speeds and depths.
The deeper convection flows are often slower, but larger, and not affected by the rotational movement of the
sun. [13] The question now remains how the mean field of the sun is created. One major reason besides the
differential rotation is the toroidal magnetic field. This field has larger horizontal components compared to
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radial components, so the mean magnetic field points in the north and south direction [14]. So to conclude,
the movement of the sun is not at all uniform. This is caused by electric and magnetic factors, but the
Coriolis effect and rotational effects as well . The resemblance with the Planeterrella setup is thus large (as
will be proven in section 2.2.4). The magnetic field is artificially created, and the plasma is created by a
voltage difference.
2.2.3

Debye shielding and the Larmor radius

The Planeterrella uses magnets to create a magnetic field, which in its turn captures the electrons by the
Lorentz force. These moving electrons also create ions. These ions are attracted to the negatively polarized
sphere, which cancel the electric field. This radius is called the the Debye length. The motion by electrons
and ions at the light emitting region is called the Larmor radius. These radii will later be derived. To get
a better understanding of the Debye length first, a derivation of the Maxwell-Boltzmann equation is needed
[15].
The Maxwell-Boltzmann equation is the average distribution of the energy of particles in an ideal gas. This
distribution will try to reach the equilibrium so that all the particles are in thermal balance with each other.
Now pick one particle in the heat bath, with a defined energy of Wp . The total heat bath has an energy of
Wtot . Here the assumption is made that Wtot »Wp . For every thermal system, the temperature is defined by
k · dln(Ω)
dS
1
=
=
.
T
dW
dW

(1)

Here T is the temperature, k the Boltzmann constant, Ω is the number of microstates consistent with the
given macrostate (or otherwise stated as the partition function) and S the entropy of the system. Taking
the exponential on both sides, and making the assumption ln(Wp ) ≈ Wp gives
Ω

Wtot −Wp

−Wp

· e k∗T .

≈Ω

(2)

Wtot

This gives the relative probability of the particle, which is an exponential function as expected. Now, consider
the particle energy Wp to have both and kinetic and potential energy. The kinetic energy resulted form the
Lorentz force, and the potential energy resulting from the coulomb attraction. This gives a total energy of
EWp =

mv 2
+ qφ.
2

(3)

Here φ is defined as the electric potential, m the mass, v the velocity and q is the charge. This charge can
be easily calculated, knowing q = −e for an electron and q = +Ze for an ion with charge Z. This equation
can be inserted in equation 2 giving
e

2
(− mv +qφ)
2
T

.

(4)

Now assume that the temperature of the electron is written as Te and for the ion as Tion . Integrating over
velocity space, taking the electric potential at infinity to be zero and assuming that the densities of the
electrons and ions are the same for the electrode gives
ne (x) = ne∞ eeφ/Te
ne (x) = ne∞ eeZion φ/Tion .

(5)

This assumption is made to ensure that no positive feedback loop occurs. This happens when the magnetic
field has a positive influence on the electric field, which in its turn has a positive effect on the magnetic field.
This would mean an infinite electric field, which is why this boundary condition is important. Furthermore,
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the assumption that Te =Tion cannot be made. The mass difference is too large to overcome the temperature
difference, which is why these two temperatures differ. Inserting the Poisson equation
0

d2 φ
= ene
dx2

(6)

into 5 will give a relation between the distance and the density, which is given by
0

e∗φ
d2 φ
( −eZφ )
= ene∞ (e( Te ) − e Tion ).
dx2

(7)

This equation can be simplified by assuming that the exponential term ( eφ
T ) is small, far enough away
from the sphere (thus saying the Debye length is small) [16]. This means that the Taylor series from the
exponential can be taken, resulting in
e
e2 ne∞ (1 + TZT
)φ
d2 φ
ion
=
.
2
dx
0 Te

(8)

Getting dx2 to the right side of the equation, and integrating twice over both x and φ gives the general
solution:
φ∝e

−x
λ

.

(9)

0 Te
)
e2 ne∞ (1 + ZTe /Tion

(10)

This means that the Debye length is given by
s
λ=

(

q
e
).
where the ion term is often left out, giving λ = ( e20nTe∞
So at this radius there will not be any emission because of the cancellation of the electric field. One might
wonder, what is the radius where the electrons do emit light? This radius is called the gyro-radius or Larmor
radius, and can be easily derived. Starting with the Lorentz force
~
F~ = q(~v × B).

(11)

Because of the cross product, ~v will always be perpendicular with the magnetic field. The electron will thus
rotate around the sphere. The radius can be found by equating the Lorentz force to the centrifugal force
2
mv⊥
= |q|v⊥ B
r

(12)

mv 2

rearranging gives the gyro-radius: r = |q|B⊥ . This result confirms the circular motion of electrons [17]. This
motion, together with the magnetic field, will cause the electron to move in a helix-like motion. This helix
motion is called E × B drift. Ions will also move in this manner, but their radius is much larger. In the
Planeterrella setup the pressure often ranges from 0.1 to 0.01 mbar approximately, which corresponds to a
mean free path of 0.1 to 1 cm. This means that this helix-like motion will not be visible, as the Larmor radius
is approximately 10−5 m (discussed in further detail in 4.3). It has to be said that in this calculated value an
assumption was made, namely that the magnetic field at every radius is the same and approximately 1.1 T.
The Larmor radius will therefore be bigger in reality. The gyro-frequency can be used to give an idea how
fast these electrons travel [18]. The values are given for electrons and protons respectively.
Ωelectron = 1.76 ∗ 1011 B
Ωproton = 9.58 ∗ 107 B
5

(13)

So the total speed of the electron together with the parallel velocity will become
vtotal = vk +

2.2.4

E×B
B2

(14)

Plasmas in a uniform magnetic sphere

The Planeterrella consists of a magnetized sphere, where several magnets inside the sphere resemble the
sun’s and earth’s magnetization. As previously discussed, the magnetic fields of the sun and the earth are
not uniform. Even the magnetization, given by the parameter M , is not totally constant due to the flow of
the fluids inside the core. However, models of the sun’s and earth’s magnetic field do resemble a magnetic
field of a permanent magnetization quite well at short distances. The ring of current is at a short distance
of the spheres in the Planeterrella. This means that, for a better understanding of the magnetic field and
the plasma, it is important to derive this magnetic field. This derivation is partly taken from [19].
Consider a sphere of radius a, with a uniform magnetization M = M0 ẑ. The Laplace equation is given as
∇2 φ = 0. It is easier to deal with spherical coordinates in this case. The Laplace equation is given as





 2


 ∂ φ 2 ∂φ
1
∂
∂2φ 
∂φ
1


+ 2
sin θ
+ 2 2
∇ φ= 2 +
∂θ
r sin θ ∂ϕ2 

|∂r {z r ∂r} r sin θ ∂θ
∂φ
1 ∂
2
(r ∂r )
r 2 ∂r
2

(15)

.
This equation can be solved by using the separation of variables in a radial and an angular part. Using the
formula φ(r, θ) = R(r)Θ(θ) and skipping the derivation (as the interpretation of the result is more important)
this gives the radial and angular equation:
R(r) = Arl +

B
rl+1

(16)

Θ(θ) = Pl (cos(θ)).
Where Pl is defined as the rodrigues equation, of the form:
PL (x) =

1 d l 2
( ) (x − 1)l .
2l l! dx

(17)

Using φ(r, θ) = R(r)Θ(θ) this gives:
φ(r, θ) = (Arl +

B
)Pl (cos(θ)).
rl+1

(18)

Now there are two situations, inside and outside the sphere. for r > a, the A term can be dropped, as
Bl
≈ 0. For r < a, the B term can be dropped, as the answer for r → 0 has to stay finite. Furthermore,
∞l+1
φ(r) has to be continue over r = a, so the boundary condition that applies is
Bl = Al a2l+1 .

(19)

Knowing that the magnetic charge density can be written as
σ = er ∗ M = M0 cos(θ)

6

(20)

and by using a Gaussian pillbox over this surface the equation satisfies
δφm
= −M0 cos(θ).
δr

(21)

Using 21 and substituting this equation in 18 gives the following equation.
−(

(l + 1)Bl
+ lAl al−1 )Pl (cos(θ)) = −M0 cos(θ).
al+2

(22)

Pl (cos(θ)) = cos(θ) for l = 1, so 22 is only satisfied for l = 1. Using 19 and substituting in 22 gives an
answer for A1 and B1 , which is shown in equation 23
M0
3
M0 a3
B1 =
3
A1 =

(23)

Taking this result, and dropping the A term as previously discussed in 18, gives the needed potential magnetic
scalar
M0 ∗ a3
cos(θ).
(24)
φm (r, θ) =
3r2
for r > a. The magnetic field influences electrons outside the sphere only, which is why only the result for
r > a will be interpreted. Using the condition that the environment outside the sphere is a vacuum, the
magnetic field can be calculated by
B = −µ0 ∇φm .

(25)

Derivating 24 and using the right scalars, the magnetic field can be given by
B(r > a) =

µ0 −m 3(m ∗ r)r
[
+
]
4π r3
r5

where
m=

4 3
πa M.
3

(26)

(27)

This equation resembles the magnetic field of a pure dipole moment m, as expected. The earth and the sun
also have a magnetic north and south pole, so this model looks correct. The result can be compared by
simulations of the magnetic field, which is done in figure 4 with two realistic representations.

Figure 4: Two models of the sun’s magnetic field in 1996. The field does look like a uniformly magnetized
sphere, although it is clearly somewhat more chaotic at the equator [20]
.
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Looking at these more advanced models, and comparing them to the calculated dipole moment, gives a good
understanding of how close the dipole moment resembles sun’s magnetic field (and thus, also that of the
earth). The calculated dipole moment and their fields of a sphere are displayed in figure 5.

Figure 5: The B-, H- and M-field of a uniformly magnetized sphere, resulting in a magnetic field which
has a dipole moment m. (Image by Niklas Wahlstrom, Manon Kok, Thomas B. Schön, Fredrik Gustafsson,
presented in of Modeling magnetic fields using Gaussian processes)

2.2.5

Molecular and atomic differences

The main focus of this research will be on the difference of the ionization of argon and helium compared to
air. It has already been discussed that most excited molecules in the Planeterrella are hydrogen, nitrogen and
OH. This means that they can rotate and vibrate, something atoms can not (they only have a translational
degree of freedom). These degrees of freedom can take up energy as well, resulting in broader emission
peaks because of these sub-levels caused by rotational and vibrational levels. The argon and helium will
have distinct energy levels, resulting in narrower peaks in the spectra. The phenomena of these sub-levels
will be explored in this chapter. Collisions with argon ions are different, as coulomb interactions will play
a role. This will increase the amount of transitions at a short range of wavelength (so many transitions per
nanometer), meaning broader peaks. This is also partly caused by the error in the spectrometer because
of the measurement of discrete values. If 500 nm and 500.25 nm are measured, there is no certainty about
500.12 nm.
There are two kinds of energies that have to be taken into account that a single atom does not have, namely
vibrational energy and rotational energy. Calculating the vibrational energy is fairly easy, especially for
simple cases such as nitrogen. This molecule can be approximated as two marbles connected by a spring.
This means the stretching will be harmonic, and given by the formula [21].
1
Evib = hcṽ(v + )
2

(28)

here h and c are the usual universal constants, v = 0, 1, 2... and ṽ is a constant that depends on the
stiffness of the springs and the masses of the two atoms. Furthermore, the general formula to determine
how many vibrational degrees of freedom a linear molecule has is given by 3N − 3(translatingmodes) −
2(rotationalmodes). One rotational mode has been left out as the rotation along a molecular axis is not
actually rotating at all. This means that for nitrogen there is only one vibrational freedom, with equal
spacing between energy levels.
The rotational energy can also be calculated. To look at the energy electrons release when colliding, equation
29 can be used [22]. Here J are the rotational levels, h̄ is the reduced Planck’s constant, R the equilibrium
radius and M the reduced mass. For nitrogen, this reduced mass is 0.5 Mn . These symbols are all constant,
except for the energy levels J, which are not evenly distributed
∆Erot = Erot (J + 1) − Erot (J) =

8

(J + 1) ∗ h̄2
2M Re2

(29)

2.2.6

Mobility of electrons

The vibrational and rotational degrees of freedom, the scattering angle and many other factors result in a
difference in the molecules mobility and Townsend coefficient. The Townsend coefficient deals with lower
currents than the Planeterrella setup. This setup has currents high enough to enable arc and glow discharges,
meaning the avalanche effect of Townsend will be barely noticeable [23]. This means that the slow start-up
process of the Planeterrella has little to do with the discharge, but is probably caused by the start-up time
of the vacuum pump.
Something which can be easily investigated is the electron mobility in air and argon. This mobility can be
plotted against the electric field divided by the density (the number of atoms and/or molecules present in
the gas). This division is done because the mean free path is dependent on the electric field and the amount
of molecules present. When more molecules are present, the electric field has to be raised in order to get the
same velocity for the electron. The relation between the mobility and the electric field of both air and argon
are plotted in figure 6a. This figure was based on data from the Dutton, IST-Lisbon, Laplace, UNAM and
ETHZ databases, www.lxcat.net, retrieved on May 22, 2018.

(a) mobility of argon and air

(b) Mobility of helium

Figure 6: The relation between the mobility of electrons and the electric field of both air and argon. The
upper lines are air, the continues lower line represents Argon in the left figure. The right figure displays the
mobility of helium. Both have numbers shown in the top right, which are individual experiments (or data
sets), all displayed in one graph.
In figure 6a it can be seen that the mobility of electrons in air is higher than the mobility of electrons in
argon and helium (which can be seen in figure 6b). This might have something to with the scattering cross
section of the molecules. The total scattering cross section is bigger for air [24]. This cross section is defined
as the total of all possible scattering angles. As air consist mostly of molecules, this bigger cross section
is a logical consequence. When the electrons travel through the gas they will collide with air faster than
with argon, but air can also take up part of the energy (excitation, vibration, rotation). This might mean
that the electron loses part of its energy, but continues traveling in the same direction, thus having a larger
average mean free path. The opposite happens with argon and helium. The electron might collide less often,
but when it does happen it will be an elastic collision (almost no transfer of energy). This means that the
electron can be scattered in all directions. It is also known that an argon and helium atom are way heavier
than the electron. These two factors will contribute to the average mean free path of argon and helium being
lower than the mean free path of air.
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Figure 7: Values of the total scattering cross section of He, Ar, air and CH4 . At low energy, air has a
bigger cross section than He and Ar.
2.2.7

Calculated Boltzmann Plot

A Boltzmann plot can be used to determine the temperature of the plasma [25]. The validity of this method
is already considered in several experiments, namely [26] and [27]. These studies have approximately the
same order of magnitude regarding pressure and voltage. To explain the method, consider two energy levels:
the lower energy Ei and the upper energy Ej . These levels have densities Ni and Nj with statistical weight
factors gi and gj . The statistical weight factors correspond to the number of states which have the same
energy level (also called degeneracy). The Boltzmann distribution with these factors can be written as
Nj
gj
Ej − Ei
=
exp −
.
Ni
gi
kT

(30)

If the total density is given by N , the partition function can be applied. This function resembles the sum of
the weighted Boltzmann function of all discrete energy levels. Using the partition function gives
Nj
gj
Ej − Ei
=
exp −
.
N
Z(T )
kT

(31)

The emission coefficient of the spectral line is given by
ji =

hc
Aji Nj .
4 ∗ π ∗ λji

(32)

Where λji is the emitted lights wavelength, Aji is the transition probability, h and c are the usual universal
constants. Substituting 32 into 31 and taking the logarithm on both sides gives
ln

ji λji
Ej
=−
+C
Aji gj
kT

(33)

Where C is some constant. The transitions between electronic shells is known in argon. The temperature
 λ
can be determined by plotting ln Ajiji gjij on the vertical axis, and Ej on the horizontal axis, and taking the
slope of the linear fit through the measured points. An example of such a plot can be seen in the results in
figure 18 [26].
In the planeterrella, measurements will be executed with a spectrometer with a range from 420 nm to 860
nm. This means that the active argon emission lines between 700 and 800 nm will be most important. To
give an example of a typical value, such as 763.5106 nm. This wavelength has the highest relative intensity
so ji will be the largest component compared to the rest of the wavelengths. The constant Aji = has typical
values of 1 ∗ 107 , Ej has typical values in the range of 10 to 25 eV, transitions from 4p to 4s are most common
for argon and gj is a rounded number (gj =1,2,3...). With experimental values the relative intensities can be
measured, thus solving equation 33.
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3
3.1

Experimental Set-up
Main setup and devices

The Planeterrella setup is based on the setup from Lilensten and can be seen in figure 8a. To ensure a better
understanding of the electric circuit of the setup, a schematic drawing is added. This figure can be found in
8b.

(b) Schematic drawing of circuit
(a) Planeterrella setup side view

Figure 8: The side view of the setup of the Planeterrella (left), with an electric circuit that enables the
aluminum bottom plate to be grounded or not and which is connected to the voltage meters and the high
power supply (right).
The Planeterrella sits on top of a 2 cm thick aluminum base with three holes, on which a glass bell is placed.
The glass bell consists of a cylinder and half a sphere, with the sphere on top of the cylinder. The cylinder
has a height of 29.8 cm, and a diameter of 41.8 cm. The half sphere also has a diameter of 41.8 cm, which
makes the height of the glass bell approximately 50.7 cm. This all makes for a total volume of approximately
60 dm3 . Furthermore, the glass bell is surrounded with translucent plastic for safety reasons. Inside the
glass bell (from now on called the vacuum chamber) are two metal spheres. Both metal spheres are placed
on a non conducting hollow plastic rods with plastic bases that contain magnets. The rod is hollow so that
the wires can be fed through the outside of the vacuum chamber to the spheres themselves. The magnets in
the base are there for mobility. The magnets inside the based can be moved using magnets at the bottom of
the aluminum plate, which enables the spheres to move.
These two magnetic spheres do not have the same dimensions. The smaller sphere has a diameter of 5 cm,
and will function as the sun in the Planeterrella experiment. The larger sphere has a diameter of 10 cm and
will function as the earth in the experiment. Both sphere have built in magnets, with a strength of 1.1 Tesla.
These magnets are made of Neodymium and held in place by plastic non conducting material. Inside the
small sphere, the magnets are placed parallel to the z-axis. Inside the large sphere, the magnets are rotated
15 degrees with respect to the z-axis, to resemble the earths magnetic field. For comparison, earths magnetic
field is tilted at 11 degrees.
As already stated, the vacuum chamber and the spheres have to be connected to the outside of the setup,
which is why the aluminum base has three holes. One of those holes is used by the vacuum pump and
the manometers. The pump used in the setup is nXDS 10i by Edwards. The technical data states that the
ultimate vacuum is 0.007 mbar. The manometers are also produced by Inficon (type 100). These manometers
are connected to the display, a Inficon CM3 which measures the pressure in Torr. The second hole is used to
feed through the high voltage carrying wires. These wires are connected to two Oltronix high voltage power
suppliers which can switch polarities. The output of the power supply has maximum of 1 kV. The voltage
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meters are directly connected to the high voltage power suppliers. The voltage is also fed through a resistor
of 1 Ω. The current can be measured by adding a Amperemeter parallel to this resistor. The voltage meters
used in this setup are Fluke 45 multimeters. There are no Ampere meters connected to the setup at the
time of measuring. The third hole is used to control the pressure with the help of an air tap. This tap uses
a needle to control the flow of pressure.
To measure the spectrum, a Ocean Optics HR2000+ Spectrometer will be used. This spectrometer is able
to measure wavelengths ranging from 420 nm to 820 nm. The wavelengths produced by argon vary from
700 to 900 nm, air is visible along the whole range of the spectrometer. To measure the light itself, several
lenses and optic fiber cables will be used. The spectrometer has a range that is broad enough to identify
which substance is emitting the light. To calibrate the spectrometer, a Avantes Avalight-cal will be used.
This device produces distinct wavelengths. This means that any deviations that the spectrometer has, can
be identified easily (as will be discussed in 3.2.1).

3.2
3.2.1

Calibration measurements
Spectrometer sensibility

A calibration of the spectrometer and diffusion of the gas has to be done, in order to ensure correct results and
to determine any deviations of the equipment. There are two kind of calibrations needed in the spectrometer,
namely an intensity calibration and a wavelength-deviation calibration. Firstly, the intensity calibration.
This calibration was done on 15-10-2009 using a LS-1-CAL Halogen calibration lamp. This means that the
sensitivity might be somewhat different today, but this will not make a substantial difference. The sensitivity
curve is displayed in figure 9.

Figure 9: The sensitivity curve of the spectrometer. The curve was found by measuring a lamp with a
known spectrum, and comparing it to the spectrum that was found by the Ocean Optics spectrometer (Image
by S.Nijdam).
This sensitivity curve is needed to get a realistic spectrum of the real emission of light. Noticeable is the
high sensitivity of wavelengths ranging from 500 nm to 560 nm. This means that wavelengths measured in
this range will be almost identical to reality. The opposite is true for wavelengths from 800 nm to 855 nm,
here the measured wavelength is brighter in reality. To solve this problem, a relative spectrum is introduced.
In this relative spectrum the measured spectrum will be divided by the sensitivity curve. This however
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brings along an other effect. The emission of argon is especially active between 700 nm to 900 nm, this is
the area where the wavelengths brightness are underestimated. By boosting these values, the noise of the
spectrometer will also be boosted. This will result in an area with more fluctuations. On the condition that
the peaks are higher than the noise, these fluctuations will not cause many problems.
Another calibration that was executed is the wavelength-deviation. This calibration uses the determined
emission lines of mercury and argon to see if the spectrometer measures these lines at the correct wavelength.
Noticeable from this device is the influence of the temperature of the device. When the device is turned on
the argon spectrum dominates. When the device is left on for a longer period of time however, the Mercury
spectrum dominates [28]. To ensure no errors are made in the calibration, both situations are analyzed. The
results are displayed in figure 10a and 10b.

(a) argon spectrum is dominant

(b) Mercury spectrum is dominant

Figure 10: Two spectrum, the left figure has a dominant argon spectrum (low temperature) and the right
figure has a dominant Mercury spectrum (high temperature). A couple of distinct emission lines are drawn
to show the deviation in the spectrum
Both spectra are relative, meaning the original spectrum was divided by the relative sensitivity curve. The
red lines in the graph represent the calculated emission lines, with corresponding wavelengths mentioned at
the bottom of the red lines. This spectrometer seems to be correct in both spectrum. When looking at the
data itself it is noticeable that the peak isn’t exactly on the line itself. The steps taken in wavelength for
each individual point are 0.23 nm apart. When the expected wavelength is 435.83 nm, the highest point
is actually at 436.06 nm. Taken into account the measuring error of ±0.11 nm, the total error becomes
approximately 0.34 nm. This means that the measured wavelength can vary 0.34 nm from the calculated
value. See appendix figure A.3 for an example of this possible error (the result was a FWHM error of ±
0.26 nm). This is important to keep in mind when identifying which substance or atom emits light in the
Planeterrella setup, and which transition of energy level corresponds to which wavelength.
3.2.2

Diffusion of gas

The ratios of the gas are very important when measuring the spectrum. It enables a good understanding of
the difference in intensity, Debye length and it decreases the uncertainty in the measurement. It is difficult
to calculate what and how many molecules are released by the plastics, so the assumption is made that the
gas inside the Planeterrella consist out of air only (before another gas is added). This means that the gas
at t=0 consists out of 78.084% nitrogen, 20.946% oxygen, 0.934% argon.[29] The rest of the substances are
< 3000ppm or < 0.3%. These substances are to hard to recognize in the noise of the spectrometer, and will
therefore not be taken into account.
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The ratio will be determined by pumping in argon at a set rate, until almost all air is replaced by argon.
This set rate can be determined by the leakage formula [30]:
Ql =

∇p
V.
∇t

(34)

Where V is the calculated volume and ∇p
∇t is the pressure difference over time. This value can be measured
using a linear fit at different times and corresponding pressures. The fit can be found in figure 11.

Figure 11: The calibration done to determine the leakage rate of the vessel. The linear fit gives the value
of the pressure change over time.
Noticeable is the difference between the fit of one hour and 5 minutes. The leakage is steeper at first, and
weakens when time passes. The ratio has to be determined constantly, making the linear fit of the first 5
minutes more important. Taking this value for the slope, and multiplying with the calculated volume give
3
Ql = 0.0158 mbardm
. This means that if a ratio of 10:1 is wanted (so 91 percent argon, 9 percent air), a flow
s
mbardm3
has to be fed through the flow controller into the chamber. To ensure this ratio is
of Qin = 0.158
s
reached quickly, the entire chamber will be filled with argon initially.

(a) Pressure measurement of air

(b) Pressure measurement of helium

Figure 12: The pressure of the gas in the glass vessel measured over a long period of time, with a fitted
correction caused by diffusion and desorption (left). The pressure of the gas in the glass vessel measured over
a short period of time, filled with helium (right)
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Figure 11 displays the leakage of the vessel for a short amount of time, but what about longer periods of
time. Figure 12a displays the pressure change over a maximum of 9925 minutes. This figure clearly does
not show linear behavior. That could be caused by desorption and diffusion. Desorption happen when gas
molecules (primarily water) attach themselves to the glass bell. The evaporation and condensation of water
will reach an equilibrium eventually, meaning the pressure will increase less steep in time. Diffusion happens
because of the gases flowing through the plastic. This happens easier at low pressure. When the pressure
increases, the diffusion effect decreases. This means that the pressure increase will become slower in time.
Both these effect will cause the pressure reduction to happen with the inverse square root over time [31]. or,
differently stated:
r
Qdif f = −qdif f Ad

t0
.
t

(35)

Where Ad is defined as the surface area of the plastic material and qdif f as the area specific desorption flow
density. This equation is also fitted in figure 12a.
Furthermore, the leakage of air seems to happen at the same rate if other gases are inside the vacuum
chamber. Because of the large difference in pressure, it does not seem to matter which substance is in the
setup. This was also confirmed by doing a leakage test with helium. The vessel was filled with air, and a
steady flow of helium was moved along every joining. A detector was connected to the setup (instead of the
vacuum pump) which would pick up any small amount of helium. No real leaks were found during the test,
giving the conclusive answer that the air leaking into the Planeterrella is indeed caused by diffusion and
desorption and is also not substance related.
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4

Results

4.1

Measured spectrum of air and observations

To get a better understanding of the spectrum in air, and see which lines do not have to be taken into
consideration, the spectrum of air was measured at different pressures. These measurements are compressed
in one figure, which is shown in figure 13. Noticeable is the difference in colours with different pressures.
This can be explained using the accelerations of the electrons. At lower pressure, electrons have a higher
mean free path and have more energy to transfer. When the pressure decreases, the overall visible colours
becomes whiter. This is an explanation of the visible colour, the red colour mixes with the blue colour to
result in a whitish colour.
The excitation also differs at different pressures. During this experiment, the spectrometer was kept in the
same position, at a point where most of the light was visible and the spectrometer displayed the highest
intensities. At a pressure of 0.16 mbar, the nitrogen emission is highest. At even lower pressure like 0.01
mbar, the purple line is higher in the 400 to 600 nm range. This is caused by N+ → N2+ and O+ →
O2+ transitions, which are active in this range. These transitions also need higher energy to occur, thus
confirming the explanation that at low pressure, the mean free path must be longer. Furthermore, at this
pressure and the H-β and H-γ lines emission become stronger, resulting in a generally whiter colour as
discussed earlier.

Figure 13: The spectrum of air inside the Planeterrella setup at different pressures with an 5 second
integration time. Here the spectrum is corrected with the calibration measurement.
Some more observations done using air in the Planeterrella were:
• When the pressure increases, the Debye length increases. This length is proportional to the pressure.
• Holding a magnet near one of the spheres influences the stellar ring.
• When the pressure is at a critical level (often around 1.5 ∗ 100 mbar for air) the plasma will behave
in an unique manner. It will not form a ring, but rather a plane on the sphere (often on the negative
sphere). This plane has a high intensity and will more across the sphere. It is also vertically longer
than the ring.
• There are spark discharges on the negative sphere, which have a bright white colour and occur on the
same places as the emission ring.
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• The negative sphere has a brighter colour than the positive sphere.
• At a medium pressure the emission of air is displayed in figure 14b. The pressure ranges from 1 ∗ 10−1
mbar to 1 ∗ 10−2 mbar. The colour of one ring itself varies. The emissions close to the sphere are of a
more pink nature, those far away of a more purple nature. The plasma in between the spheres is red
or purple.
• At low pressure (1 ∗ 10−3 mbar), the colour of one ring will also vary. There is a blueish taint plasma
close to the sphere, and a white plasma farther away from the sphere. the plasma in between the
sphere is white. This pressure range can be seen in figure 14a.

(a) visible colours at low pressure

(b) visible colours at medium pressure

Figure 14: The emission colours of the Planeterrella at a low pressure (left) and a medium pressure (right)
Noticeable is the emission in the middle of the Planeterrella in 14b. This emission has nothing to do with the
van Allen belts. Here, the second wider ring is caused by electrons, while the smaller ring can be explained
by heavy particles. This effect can be explained using the flow between the two spheres. This is also why
the emission is only visible in between the two spheres. The electrons that collide and divert to a region
outside of the magnetic fields effective region, flow towards the other sphere. There will be emission at a
certain length because this flow again accelerates the electrons. The wider ring seems to be connected to
the negative sphere. Moving the spheres further apart does not result in a change of distance between this
wider ring and the negative sphere. Moving the spheres closer to each other will make this emission in the
middle disappear, because the electrons can’t accelerate enough.
Using the switch in the electric circuit 8b, the setup will be able to switch between a grounded and a non
grounded aluminum bottom plate. When the bottom plate is grounded and the spheres have the same
polarization, there will be a plasma cloud in between the two spheres and this bottom plate. Also interesting
is when both spheres are negatively polarized. Now the magnetic lines are well visible, and the plasma can
be influenced by magnets outside of the setup when in close range. When one sphere is negative and the
other sphere positive, this plasma cloud effect is barely noticeable, especially when the spheres are placed
close together.
Another interesting thing happens when the setup is non grounded and both spheres have the same polarization. The spheres turn off (or do not emit light), but only after a period of time. The plasma cloud
sometimes remains visible for a short period of time because the charge has to be transported away from
the spheres. The voltage on the bottom plate also varies a lot. Sometimes it exceeds 40 V, at other times
it is 0 V. The setup also gives small shocks when the bottom plate is non-grounded, but the setup remains
safe because of the low current on the bottom-plate.
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4.2

Measured spectrum of argon and helium

After these initial measurements with air, argon and helium are introduced into the setup. When doing this,
the first problem was encountered. The setup does not show an argon spectrum when argon is inserted in low
amounts. The pressure first has to be low (1 ∗ 10−3 mbar), after which argon is introduced in high amounts
(until the pressure reaches 1 ∗ 10−1 mbar). After this, the pressure is lowered to 1 ∗ 10−3 mbar again, after
which the measurement was done. Even more important to have is a large flow through the tubes of argon
or helium before starting the measurement. This will get rid of air inside these tubes. The procedure above
gives a better argon and helium spectrum. This spectrum, with the air rinsing method described above, can
be seen in figures 15a and 15b. If this method is not followed, large amounts of nitrogen can still be found
inside the vacuum chamber.

(a) argon spectrum at different pressures

(b) Helium spectrum at different pressures

Figure 15: The spectrum of helium and argon that were measured at different pressures, both with a 1
second integration time
Noticeable for argon is the way the plasma sometimes distributes itself over the sphere. In contrast to air and
helium, argon often forms a light emitting sphere instead of a ring at medium pressures. This only happens
when 100 percent of the gas in the setup is argon. There is no definite explanation why this happens.
It might be caused by the shorter Debye length. At smaller lengths, the magnetic field has no change to
transport the electrons towards the circle, as they almost immediately react when leaving the surface. At
higher pressures, such as 10−1 mbar, random spots are visible on the Planeterrella as well. They however
move and look less stable than argon. This might be caused by the purity and the fact that argon is inert,
shielding the Planeterrella at close proximity from any air that might be left.
Also, the intensity of the emission lines do not decrease with the same rate. This can be seen in figure A.4,
or the relative decay in figure A.5. This is caused by the air leaking into the glass bell. The emission lines
that stay visible for the longest period of time also have the largest overlap with air. This explains why the
501.56 nm emission line decreases relatively faster than the 667.68 nm emission line. This phenomenon is
clarified by figure 16a.
Mixing helium and argon resulted in a pinkish colour (displayed in 16b), compared to figure A.2a and figure
A.2b. Here, the ratio from helium is 93.75 percent, while only 6.25 percent is argon. The low wavelengths
of argon and the high wavelengths of helium clearly dominate the spectrum, as can be seen in figure 17a.
This ratio is chosen because of the difference in ionization energy. Argon needs less energy to be excited,
meaning electrons are more inclined to collide with argon and dispose their energy on argon atoms. This
is also why at higher ratios, such as 50 percent argon and 50 percent helium, no change can be seen in the
colour of the emission compared to pure argon. Mixing air and argon however had different results. These
two gases have approximately the same ionization energy. Air can be approximated by taking the nitrogen
and oxygen ionization energies and their correct ratios, which will result in an approximate ionization energy
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(a) air helium overlap

(b) 93.75 percent helium, 6.25 percent argon

Figure 16: left: The overlap of air and helium spectrum after 95 minutes. Noticeable is that helium lines
that overlap with the spectrum of air stay visible for a longer period of time (displayed by the red arrows)
while other stronger emission lines are barely visible after this period of time (displayed by the black arrow).
Bright pink color from 93.75 helium:6.25 argon mixture

(a) 93.75 percent helium, 6.25 percent argon

(b) expected amount air

Figure 17: Left: By mixing helium with argon (ratio of 93.75:6.25), it will result in a new spectrum of mixed
helium and argon lines. Right: The amount of air measured compared to the expected amount. Noticeable is
that more air emission seems to be present than the 50:50 ratio that is displayed by the dashed lines.
of 14.38 eV. This means that at ratio of 50:50 they should emit the same amount of light approximately,
with somewhat more emission of air then argon, as argon has an ionization energy of 15.75 eV. This does
happen, as can be seen in 17b. It has to be said that the leaks in the vacuum chamber might also result in
a higher percentage of air than expected. This can have a positive influence on the expected result, making
it even more certain that a higher percentage of air emission is visible.

4.3

Experimental Boltzmann plot

In the spectrum of air, H balmer series can be found. These peaks are clearly visible in figure 13 at
wavelengths 434.22, 486.2 and 656.32 nm. There relative intensities ji at the peaks can be entered in
equation 33. The points that are calculated in the formula can be found in figure 18, where the linear fit
through these points is also included.
The slope of figure 18 is −1.13143. Translating eV to J and filling in the Boltzmann constant gives a
temperature of 10261.3±189.5 K for the electrons of the gas in the plasma. This electron temperature is
typical for gases that produce large amount of photons originating from hydrogen. The stars that produce
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Figure 18: A linear fit of the Boltzmann plot for hydrogen at a pressure of 0.1mbar
the most amount of hydrogen are in the A class, which ranges from 7500-10000 K.
The same procedure can be followed for argon and helium, and both Boltzmann plots are given in figures
19a and 19b. The spectrum has distinct peaks because these gases only consist of atoms. This also makes
it easier to make a Boltzmann plot at different pressures.

(a) Linear fit of He-points

(b) Linear fit of Ar-points

Figure 19: A Boltzmann plot of helium (left) and argon (right) to determine the electron temperature of
the plasma
Looking at these figures and taking their slopes, will result in temperature as discussed in 2.2.7. For argon
the average electron temperature of the four lines is 8181±720 K and for helium 2912±73 K. The result
for helium is not expected looking at other studies ([32], [33] and [34]). In these studies, the electron
temperature for helium is higher or similar than that of argon. It has to be stated that many studies that
were executed regarding the electron temperature of helium and argon were done at atmospheric pressure,
but other studies calculating electron temperatures with Boltzmann plots (with other substances) have been
done at low pressure ([26] and [27]).
An explanation for this large difference, can be the ionization energy. The ionization energy of helium
(24.58741 eV) is higher than that of argon (15.75962 eV). This means that electrons have to travel longer
before colliding with helium to result in the emission of light, so more and faster movement means a higher
temperatures. The expectation that helium must have a higher or similar temperature than air and argon
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can also be concluded from the mean free path of helium. Helium has a relative larger mean free path than
air, meaning a single helium atom can travel for a longer distance before colliding with another single helium
atom [35]. This is also the case with electrons and helium atoms. Formula 36 also shows that the pressure
is inversely linearly related. Or differently stated: if the pressure decreases with a factor 10, the mean free
path will increase with a factor 10. Interestingly, the mean free path at 0.01 mbar is approximately 1.75
cm for helium. The Larmor radius for helium has a value of 0.015 mm. This value was calculated while
assuming a constant energy of 25 eV. Thus, the Larmor radius discussed in equation 14, can be neglected
when looking into the mean free path length. Also, the E×B drift can be neglected in this case.
l·p= √

k·T
2 · π · d2m

(36)

Where dm is the molecular diameter, l the mean free path, p the pressure and T the temperature. The
only thing to explain the deficit in temperature for helium is the mass difference for helium and argon. This
difference of a factor 10 might result in collisions of electrons that transfer more energy to the ion than in
argon. This reason however seems unlikely, as the difference of mass in a single electron and an helium atom
is still huge. So if this is the real cause of the low temperature of helium remains to be seen. It also has to
be stated that the temperatures do vary a lot in previously mentioned studies ([32], [33] and [34]) because
of different conditions. This makes it hard to predict a certain electron temperature from sources. What
is consistent in every research is that the electron temperature in helium is higher or similar than that of
argon, which is the opposite of the result of this experiment.
Furthermore, the temperature is always higher at lower pressure, as can be seen in 19a and 19b. This
phenomenon can be explained: the electron temperature goes down with increasing pressure due to the
higher probability of collisions where the electrons undergo inelastic collisions and lose kinetic energy in the
process [36].

Figure 20: A peak of the Ar+ spectrum, with all possible transitions from Ar+ to Ar2+ displayed by the red
lines
Furthermore, an attempt was made to determine the temperature of Ar+ . The spectrometers resolution is
not good enough to determine which peak matches with which wavelength. The wavelengths found in the
database that has been used [37] often only differ with 0.1 nm for Ar+ . The resolution and error of the
spectrometer taken into account, this is not good enough to determine the electron temperature accurately.
To illustrate this idea, a peak from the Ar+ is taken and all possible transitions from Ar+ to Ar2+ are drawn
in red. This can be seen in figure 20. If a better spectrometer measuring in the range from 350 to 500
nm should be able to pick up these signals clearly. The expected result of that measurement (based on the
results published in this report) would be a temperature of 14343 K at medium pressures.
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5

Conclusion & Recommendation

In conclusion, many interesting phenomena happen when gases are introduced in the setup. Firstly, air
changes colours at different temperatures. The H-balmer series has more emission in lower wavelength areas
causing a whiter colour. Furthermore, plasma in the middle of the spheres is caused by a kind of capacitor
effect, where electrons travel from one sphere to another. Grounding the aluminum bottom plate has almost
no effect if the spheres are polarized differently, but when the spheres are polarized in the same way the effect
is noticeable. The plasma cloud present when the bottom plate is grounded disappears when the spheres
have the same polarity. The spheres are not able to transfer any current from one sphere to another one in
this situation.
When argon and helium are introduced in the setup, the colour of the emission changes. While argon also
emits purple light (somewhat lighter purple than air), helium emits green light. These gases can also be
mixed to develop a new pink colour. The ionization energies of helium (24.58741 eV) and argon (15.75962 eV)
differ, and therefore electrons are inclined to collide with argon and lose their energy. This means that a
high percentage of helium is required (93.25 percent) to change the emission colour enough to make a visual
noticeable difference. The results from air and argon are also according to expectations. With a bit more
emission from air at a 50:50 ratio because of the ionization energy and the leakage of air into the vacuum
chamber.
Finally, Boltzmann plots were made to calculate the temperature of the three gases. These temperatures
were 10261.3±189.5 K for air, 8181±720 K for argon and 2912±73 K for helium. The helium temperature
does not match expectations, as helium has higher ionization energies than argon. The things that are
different for helium compared to argon is the mass of the atom and the amount of moles introduced in the
setup (which has an affect on the plasma temperature as a whole, not specifically the electron temperature).
These factors might result in a different temperature, but this is not certain. The electron temperature is
higher at lower pressure in every experiment with all substances.
This report shows the initial observations using different gases in the Planeterrella setup, but a lot can be
done to improve measurements and continue research. The unexplained low temperature of helium can be
remeasured using the grounded setup with clean spheres. The cause of this low temperature could not be
concluded by literature study, and further investigation is needed to explain this low electron temperature.
Furthermore, it might be interesting to insert other substances in the vacuum chamber. Xenon has a higher
mass than air (mass number of 54), but a lower ionization energy (12.13 eV). According to expectations, these
two factors should result in a lower electron temperature than air. It might also be interesting to measure the
Ar+ spectrum, and determine the electron temperature of this ion. The resolution of the spectrometer used
in this experiment (Ocean Optics HR2000+) was not good enough to measure the small peaks associated
with transitions from Ar+ to Ar2+ . A spectrometer with a resolution of 0.1 nm and a range from 400 to
500 nm should be good enough to see the spectrum clearly. The result for the electron temperature of Ar+
should be 14343 K. This temperature was divided by comparing the ionization energy of this ion to neutral
argon.
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Appendix

Figure A.1: The regime at which dark discharges (black line), glow discharges (blue line) and arcs (red
line) occur. This dark discharge is associated with the Townsend avalanche. With the currents present inside
the Planeterrella, this means that the Townsend avalanche is negligible.

(a) Helium colour

(b) Argon colour

Figure A.2: The colour of helium emission in the Planeterrella (left) and the colour of argon emission in
the Planeterrella (right)
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Figure A.3: Determination of error in the spectrometer using full width at half maximum.

Figure A.4: The change of intensity in time of an helium spectrum when the pump and supply are off.
Some lines decrease more rapidly than others, see A.5.
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Figure A.5: The relative decrease of helium lines over time. Because of the lower ionization energy of air,
the helium emission lines quickly disappear.

Figure A.6: The change of the spectrum when the pressure is kept stable with the pump and supply on. No
change can be seen, meaning that the spectrum will not change in a short time period.
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