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Abstract

The Crookes radiometer was invented in 1879. The vanes of a radiometer rotate when
exposed to light. However, the force driving the rotation is still a mystery. Numerous
models have been proposed to provide solutions. None of them is able to address all the
situations. An orbital repulsion force is proposed in this study to provide a
comprehensive solution. Upon absorbing energy, an electron jumps to a higher orbital.
The process not only increase the size of a molecule, but also reduces the distance to
the adjacent molecules. Both processes create repulsions to the adjacent molecules.
Because an orbital jump is sudden, the repulsions may exert a significant force to the
adjacent molecules. It may be this force produced by molecules on the surface of vanes
that pushes the air molecules next to the surface which provides the momentum for the
vanes to rotate. This force may also be the cause of Brownian motion and phase
transition from solid to fluid.

Introduction

A Crookes radiometer, also known as a light mill, consists of a low pressure glass bulb
containing a set of vanes mounted on a low friction spindle inside, Figure 1. Each vane is
coated black on one side and white on the other. The vanes rotate when exposed to light, with
faster rotation for more intense of light.'" It can spin all day under sunlight. The rotation is such
that the black sides of the vanes are retreating from the light. When the bulb is cooled quickly by
putting it into a freezer, it turns backwards slowly and stops in a minute or so. The mechanism
for the rotation has been a scientific debate over a century. However, a convincing explanation
has yet to appear. The light mill inventor, Crookes, incorrectly suggested that the force was due
to the pressure of photons predicted by James Clerk Maxwell, well known for his equations of
electromagnetism.? If this is true, a faster rotation should be observed with better vacuum in the
bulb. It turned out the best result is observed at a pressure around 1 pascal. The vanes stay
motionless in a hard vacuumed bulb.

There were numerous theories, trying to establish an unbalanced pressure between black and
white sides of the vanes or over the edges.?'®” One proposal is that air molecules hitting the
warmer side of the vane will pick up some of the heat, bouncing off the vane with increased
speed. The problem with the idea is that while the faster-moving molecules produce more force,
they also do a better job of colliding and preventing incoming air molecules from reaching the
vane, so the net force on the vane should be the same as the air pressure. Albert Einstein
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showed that the two pressures do not cancel out exactly at the edges of the vanes because of
the temperature difference there. However, the force predicted by Einstein would be barely
enough to move the vanes. A more complicated model called thermal creep suggests air creeps
cross the edge of vanes from the white side to the black side. This creates a high pressure on
the black side that pushes the vanes forwards.

A problem that all the air-pressure-based theories failed to address is how to create the driving
force at the thermal equilibrium. Left in an intensive light source, such as sunlight, a mill will
reach an equilibrium sooner or later. By that time, the absorption and radiation on each (no
matter black or white) side are at the same level. A black side absorbs light more effectively and
also radiates at the same efficiency. The total heat flux including both reflection and radiation
from each side is the same as the incoming flux. The air is heated by the same amount of
energy on either side. For a given body of air, its pressure is a measurement of average kinetic
energy level which is determined by the ambient radiation level. The pressure on the two sides
of a vane should be the same. Thus, there is no pressure difference to drive the vanes.

Focused Light Experiment

To investigate the problem, we designed an experiment, in which a small torch was used as the
light source, Figure 1. To turn the mill forwards, the torch was pointed and focused on the black
side of a vane. The motionless vanes started moving immediately. It completed the first cycle in
less than 5 seconds. Within a minute, the rotation reached the highest speed, about 2 cycles
per second. The results are similar to the experiments with none focused light sources. Next,
the torch was focused on the white side of a vane so that the light ray was perpendicular to the
surface of the vane to avoid reflecting on to the black side of the adjacent vane. The vanes
stayed motionless no matter how long the light was kept on.

Figure 1, Focused light source experiment for the Crookes radiometer.



The purpose for using a focused light was to test if there is enough driving force in the air
pressure to move the vanes. Avoiding any reflection onto the black sides isolates the influences
of other factors that the black sides might have. As the light focused on the white side, the air
near the white side was doubly heated by both the directed and the reflected photons. Giving it
enough time, the air should be heated, creating some kind of aerodynamic force to move the
vanes. The fact was that the vanes did not move, indicating there was not enough driving force
to overcome the static friction. At a pressure of 1 pascal, which is about 10 of the pressures at
the sea level, the air is as thin as that on the top of the mesosphere, an altitude of 80 km above
the Earth. This is where an airplane is less efficient than a rocket, where the rocket is not driven
by the air pressure but the momentum created through ejecting high speed molecules. In the
other direction, the torch was pointed to a single black vane and the push force was so strong
that the vane was moved spontaneously without a waiting time for the air to warm up, indicating
the driving force may result from interactions other than air pressure.

Not every Crookes radiometer was made equal. Next experiment was more interesting by using
a mill with smaller static friction, therefore more sensitive. As expected, in the forward direction,
it just started quicker and spun faster. When the torch was pointed to a white vane, it started to
move immediately but slowly. More interestingly, the rotation was in the forward direction. The
white vane was chasing the light source. It stopped in a few seconds. After removing the light
source, it rotated backwards and stopped quickly, which was similar to the situation observed in
the freezer experiment. Why did the vanes chase the light source, then stopped instead of
moving faster? The discovery of this phenomenon provides sufficient evidence against the light
pressure theory and creates a new challenge to all the air-pressure-based theories.

The Driving Force

Upon absorption of energy or photons, an electron in an atom jumps to a higher orbital, known
as orbital jump, quantum jump, or atomic electron transition.!"""'? The process of orbital jump is
still under active research. It appears spontaneous as an electron jumps from one energy level
to another, typically in nanoseconds or less. Because an orbital jump is sudden, it may exert a
repulsion force to an object next to the atom. The object being pushed may be anything range
from another atom to a dust particle, even the surface of a vane. As shown in Figure 2A, two
atoms were next to each other with a small separation. On absorbing energy, one of the atoms
went through an orbital jump process, which actually included two sub-processes: the atom size
was increased and the distance between them was decreased, Figure 2B. Both processes
increased the repulsion between them, called orbital repulsion.!" The atoms were pushed
apart and moved in the opposite direction, Figure 2C.
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Figure 2, Orbital repulsion resulted from quantum/orbital jump.

The repulsion force is distance sensitive and significant at a close range. Two helium atoms
were used to model the force." The repulsion force between the helium atoms at a distance of
140 pm (the radius of a normal helium atom) may be upto 5.4 nano N. To get a sense of the
scale of this force, that is equivalent to accelerating a kilogram mass with 8.12x10"" N force.
This is not a conventional intermolecular force. It occurs only when there is orbital jump. This
force may be responsible for kicking molecules to move in Brownian motion.I" The force may
also play an important role during phase transition of matter. As temperature increases, this
force may eventually overcome the attraction between molecules in solid, freeing up the
molecules for transition to fluid.l' This force is postulated that drives the Crookes radiometer.

Equilibrium at Low Temperatures

Upon absorbing photons, the electrons of the molecules on the surface of the vanes are excited
and jump to higher orbitals, producing orbital repulsion. The process kicks off air molecules next
to the vanes, creating a momentum to move the vanes in the opposite direction. When the torch
was pointed to the black side of a vane, the photons were absorbed quickly, producing an
orbital repulsion to move the vanes immediately. On the white side, the light was mostly
reflected. The same repulsion effect applies to the second experiment, however the process is a
little more complex.

Orbital repulsion takes place on any surface with a temperature above absolute zero. The
repulsion force exerts on both black side F, and white side F,. There is also a resistance F,,
which approximates to static friction at a low rotation speed of the vanes. To move the vanes,
the force difference between the two sides of a vane must be greater than the resistance:

|Fb-Fw|>Fr' (1)



Otherwise, there will be no motion. When the mill was placed in a freezer, the heat inside the
mill was emitting to the environment and the black side was doing the blackbody radiation that
was faster than the white side. The white side was relatively warmer, creating a greater orbital
repulsion F, that pushed the vanes in the backward direction. It stopped quickly as the mill
approached the new equilibrium, and the force difference between the two sides could not
overcome the static friction as required by inequation (1). When the torch was pointed towards
the white side in the second experiment, the visible light was mostly reflected and infrared light
was bounced around inside of the bulb. The black sides absorbed the infrared radiation faster
than the white sides, creating a greater repulsion force F, that pushed the vanes forwards. The
mill stopped quickly as the new equilibrium was reached. When the light source was removed,
the mill went through a cooling process similar to that occurred in the freezer experiment.

Equilibrium at High Temperatures

What just explained is for the situation in which the mill reaches the new equilibrium quickly at a
low ambient temperature. The uneven speed of the cooling or warming between the two sides
creates a short term temperature difference. The vanes stop quickly after reaching the new
equilibrium. Now, let's look into the long term driving force at the equilibrium with high
temperatures, such as under sunlight. Both are in the equilibrium state. Why the rotation is
sustainable in one case, but not the other?

Recall the blackbody radiation described in Planck’s law.!''® By integrating Planck’s equation
over the frequency then over the solid angle we found that the power P emitted by a blackbody
is directly proportional to the fourth power of its absolute temperature T, known as the
Stefan-Boltzmann law:

P=pT’, (2)

where P is the power emitted per unit area of the surface of a blackbody, T is the absolute
temperature, and p is the Stefan-Boltzmann constant.'™?% Most systems are not a perfect
blackbody. Their radiation power P, can be approximated using:

P,=EpT’, )

where E is the radiation efficiency of a system, which is normally less than 1. For a perfect
blackbody, E, ... = 1. Let E, and E,, be the radiation efficiencies of the black and white sides of
the vanes. After the mill reaches the equilibrium with an ambient temperature T, such as left
under sunlight for enough time, both absorption and radiation power are at the same level and
are E,pT* and E, pT* for black and white sides, respectively. The orbital repulsion is a result of
orbital jump proportional to energy absorption. By introducing an orbital repulsion coefficient r,

the repulsion forces can be estimated for the black and white sides using:



F,=E pT*, (4)
and
F, =E,mT" (5)

Now, inequality (1) can be rewritten as:
|E, - E |rpT* > F. (6)

The black side is better at absorption and radiation than the white side. In other words, it has a
higher radiation efficiency, or E, > E,. For a given Crookes radiometer, (E, - E )rp has a fixed
value at the equilibrium. This inequality provides an explanation for both situations at low- and
high-temperature equilibriums. If the environment temperature T is high enough so that (E, -
E )T > F, the rotation will be sustainable. This is the situation when the mill was left under the
sunlight. A higher temperature T provides a stronger force for faster rotation. At a low
temperature T, such as in the case of the freezer experiment or light pointed towards the white
side of a vane in the second experiment, (E, - E )rpT is not large enough to overcome
resistance F,, hence cannot create enough force to move the vanes after the equilibrium. Note,
the initial movement before equilibrium in the low temperature experiments is due to the
temperature difference between the two sides of the vanes as mentioned earlier.

Keep in mind, in the high temperature equilibrium, the resistance term actually includes two
components: the static friction and dynamic air drag. The drag is proportional to the square of
the rotation speed of the vanes. When the ambient temperature is high enough, the vanes will
start with acceleration. The drag increases with the rotation speed. The resistance including the
drag will eventually reach the same level as the driving force produced by the repulsion. By that
time, the vanes will rotate at a steady state speed, which is the highest speed observed in the
experiments with intensive light sources.

The Comprehensive Solution

To be comprehensive, there are actually five interactions inside a light mill, as shown in Figure
3. The general form for F, in inequality (1) should be F, = F, + F_-F_+F,_ -F,. F,is the air
pressure discussed in most of the existing theories. F, is the repulsion force produced by the air
molecules next to the vanes. F_, is the countering effect of the air molecules bounced off the
vanes due to F, term that may prevent incoming air molecules from reaching the vanes. This
term may cancel part of the air pressure F, if there is a high density of air molecules, e.g. at high
pressures. Similar to the repulsion by the air molecules, there are also two terms F,, and F_, due
to the repulsion of molecules on the surface of vanes that kicks off air molecules next to the
vanes.
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Figure 3, The driving forces on each side of a vane.

Each of the forces is an interaction with air molecules. Their effects are proportional to the
density of air molecules inside a mill, which is proportional to the air pressure in the mill. No air
molecules means no interactions. So, all the five terms are equal to zero,e.g. F,=F_ =F_=F,
= F, = 0and F, = 0. At very low air pressures, there are not enough air molecules for all five
terms, hence not enough interactions to create the driving force F, to overcome the static friction
of the vanes. Thus, the mill does not rotation at very low pressures.

At low pressures, molecules rarely collide. The two countering terms F,, and F_, are negligible
because there are little or no collisions against air molecules to counter the air pressure term.
Without the two countering terms F_, and F_,, the air pressure F, is the same on the two sides of
each vane and cancels from the two sides. The F,, term is also the same on both sides of each
vane and cancels. Therefore, all these four terms (F,, F,, F_, and F,) can be neglected, e.g. F,

= F,,. This is the assumption used in the discussion in the last section. Because other terms are
neglectable in low pressure situation, the discussion was simplified earlier.

With higher density of air molecules at high pressures, there are greater chances that molecules
bump into each other. The orbital repulsion of air molecules next to a vane creates a pushing
force to the vane F,,. At the same time, the bounced air molecules colliding against the incoming
air molecules, reducing the air pressure term F, by F_.. The reduced air pressure F_, is the same
amount of force that the repulsion produced to the vane F,. So, the two terms F_ and F_, are
cancelled, e.g. F,, - F, = 0,sodoes F,, - F,, = 0. The only term left in the driving force is F_, e.g.
F, = F,. Similarly, F, = F, on the white side of each vane. Both F, and F, equals to the pressure
term F, that is the same on both sides of each vane, producing a zero net force to each of the
vanes. Thus, the vanes cannot rotate at high pressures.

Conclusions
All the existing models based on the air pressure fail to explain the rotation of the vanes in a

Crookes radiometer at the equilibrium with a high temperature. The orbital repulsion theory
provides a comprehensive solution that is able to address all the situations. Orbital repulsion



force is not a conventional force, but spontaneous and effective only when there is orbital jump
of a molecule next to other object. This force may also be responsible for kicking molecules
creating Brownian motion in fluid. The magnitude of the force and the frequency of occurrence
increases with temperature. As temperature increases, the force will eventually be greater than
the intermolecular attraction that holds molecules together in a solid. The molecules of the solid
can be knocked apart, which explains the liquefying phase transition.
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