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ABSTRACT

The Crookes radiometer has existed for over
100 years, with much initial scientific inter-
est. In recent years research has been boosted
by applications such as in nanotechnology
MEMs devices. It is proposed to investigate
a neutron-powered micromotor, based on the
same principle. The device converts poten-
tial and kinetic energy in neutrons into macro-
scopic motion by the means of the convec-
tion of gas molecules induced by an asymmet-
ric neutron heating. The proposed system has
immediate application in neutron detection at
high flux, but could be developed to generate
useful amounts of power at scales from nan-
otechnology to bench top systems. Simulated
results show that asymmetric heating of the or-
der required can be achieved in devices that are
simple to build in the laboratory.

KEYWORDS: MEMs, neutron actuation, neutron
heating, energy harvesting, neutron energy, micromotor,
knudsen pump, knudsen compressor, neutron mill,
crookes radiometer, nanotechnology

1. INTRODUCTION

A Crookes radiometer converts light into kinetic mo-
tion and was the first light-powered actuator to be dis-
covered. Its function was discussed by hundreds of sci-
entists, notably Maxwell [1]], and Reynolds [2] before
being later more fully explained by Einstein [4] (transla-
tion found in [3]]), whereupon interest waned. The pro-
cess is not covered by the Navier-Stokes equations and
it has tended to be ignored in thermodynamics literature.
A good review of modern theory is found in Martin [6].

The Crookes radiometer, in fact works by converting ra-
diated energy to heat and the heat differential causes gas

particles to diffuse selectively across the thermal gradi-
ent creating a macro pressure effect. The premise of this
paper is that the heat energy released when a neutron is
absorbed will have the same effect in the correct condi-
tions.

In this theoretical study, two geometries for possible
neutron micromotor designs are considered. Firstly a
design based on the work of Han er al. [/], which uses
the geometry of the vanes to encourage light (and in this
case neutrons) preferentially onto one side of the vanes
is considered. Secondly, a more standard design, using
materials that differentially absorb neutrons is consid-
ered.

The device is proposed as a sensor that works by mea-
suring the amount of rotation in the device. However the
concept of a neutron micromotor is interesting because
itis a novel method of generating a macroscopic kinetic
movement from energy held in thermal or epithermal
neutrons. The authors have not found references in the
literature to this kind of direct neutron powered actua-
tion. Although neutrons don’t occur abundantly at the
earth’s surface, in space, and the earth’s upper atmo-
sphere, the neutron flux is of an order that could acti-
vate a carefully designed device [8]. Neutron flux must
be monitored in waste storage and processing plants to
ensure that critical mass is not achieved accidentally. It
is also important to measure thermal neutron flux in the
core of PWR and AGR reactors, potentially an entirely
mechanical neutron detector could ensure that measure-
ments continue even when electricity is unavailable.

1.1. Neutron Detectors

Commercially available neutron detectors are cate-
gorised as either fast neutron detectors or slow neutron
detectors [9]]. Although this system may function with
fast and slow neutrons, due to the energy dependence of
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cross sections, thermal neutrons are considered at this
time. Alternative slow neutron detectors include gas
proportional detectors, scintillation detectors, semicon-
ductor neutron detectors and Fission chambers.

Proportional gas detectors require either *He, which
has a restricted global supply, or ! BF; which corrodes
stainless steel when mixed with water and is extremely
toxic if released from the detector [10].

At high neutron fluxes, pulse counting detectors, such as
gas detectors, scintillation and semiconductor devices,
suffer from pulse pile-up, where multiple pulses amal-
gamate so electronic counting devices don’t separate
counts. The proposed design is expected to generate
a proportional result even at high fluxes. Fission cham-
bers use a fissile material to detect neutron flux. A dis-
advantage of these devices is that they can be difficult
to source and transport due to restrictions on the fissile
content.

The device can be manufactured extremely cheaply,
with an estimated manufacturing cost in the ~ 50
USD. This compares favourably with commercial de-
vices which have a cost in the range of hundreds to over
ten thousand (depending on the materials and applica-
tion) [citation needed]. For these reasons there is inter-
est in finding a alternative way to detect thermal neu-
trons.

1.2. Geometries Considered

Since light can be used to create a heat differential on
the vanes of a small ‘turbine’ shaped micromotor, it was
conjectured that the same geometry, designed from a
suitable neutron absorber, will also cause a force to be
generated. The amount of scattering caused by rarefied
gas can be expected to be negligible so most neutrons
will travel in straight lines allowing the geometric de-
sign used by Han et al. [/] to operate. This was the de-
sign philosophy of the first geometry investigated (see

Fig. H).

The design aim of the second geometry is to use a neu-
tron absorbing material to capture neutrons, while an-
other material that is less absorbent forms the opposite
side of the vanes to produce a temperature differential
and subsequent gas convection (see Fig. [6)

1.3. Material Choices

Firstly, absorbent materials were considered. The most
absorbent, naturally occurring elements are boron, cad-
mium promethium, samarium, europium and gadolin-
ium. Boron was selected as a potential material, due to
its low toxicity, stability, workable compounds and low
cost. Gadolinium is also used in PWR reactors and may
prove interesting due to the elastic collision of faster
than thermal neutrons providing energy without being
used up, potentially extending the life of devices.

Crystalline boron is used as a filament material for
strength in glass fibre for high performance applica-
tions. Controlled geometries can be manufactured us-
ing chemical vapour deposition [11]. Since boron is a
relatively light element enrichment of the ° B isotope is
possible more easily than heavier elements, this oppor-
tunity is not investigated in this study.

Boron nitride is a machinable ceramic material that
can be purchased online from a number of sources
(e.g. http://www.precision-ceramics.co.uk) it is avail-
able commercially up to extremely high purity grades
(AXO05 grade has a purity of BN available at 99.7%+
[12]]). It is also available as an aerosol spray coating,
which is used for covering metals to protect them at
high temperatures. This has the advantage that a very
thin layer of material can be deposited onto a surface.
However the purity grade has not been established.

The energy evolved from the capture of neutrons in
boron nitride is described by the following chemical in-
teractions by Deng [[13].

Boron neutron capture:

VB +in(0.025eV) —!! B<

TLi+~+0.48MeV (1)

Nitrogen neutron capture:

BN 4+yn =g C+1 H+0.66MeV ()

The released energy is deposited locally except for 0.48
MeV photon energy [13] [14]. Although the amount of
photon energy is moderate, it is smaller than the thermal
energy and it is expected that the majority of v photons

YHey +7 Li +2.79MeV (6%)
*Hey +7 Li + 2.31MeV (94%)



will exit the system without interaction. The photon en-
ergy has been subtracted in this analysis.

For this project pyrolytic graphite is expected to be used
as the support material in geometry 2 due to its low
neutron cross section and advantageous heat conduction
properties.

Pyrolytic graphite of a suitable thickness is available for
the electronics industry (e.g. Panasonic EYGS121805)
This can be treated with a surface coat of BN aerosol
spray to create a suitable vane structure (e.g. Saint Gob-
ain ‘Combat ’coatings) with dimensions approximately
at the level described in geometry II (Figlo))

Figure 1: Boron nitride with a high
purity can be machined into complex

geometries (image: https://precision-
ceramics.com/materials/boron-nitride/)

1.4. Geometric Requirements

According to Einstein [S]([4]) the force on the vanes
is maximal when the Mean Free Path (MFP), of the gas
particles approaches the thickness of the vanes. This pa-
per uses Einstein’s formula [5] for force on vanes with
the correction by Martin [6] which applies at optimal

pressure.

AT

FEinsten = p4LAT (3)

F N force on vane

p pascalgas pressure

L m length of vane (assumed to be square)
A m Mean Free Path

T K Temperature

For MFP = Vane thickness to be achieved, a low pres-
sure is required to increase the MFP to thickness that
the vanes can be built. This was confirmed by Han ef al.
[[15], who use Direct Method Monte Carlo (DMMC) to
show that 400 mTorr is optimal for vanes that are about
0.1mm thick. This vacuum pressure is around the upper
edge of what can be achieved with a standard, labora-
tory, positive displacement vacuum pump.
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Figure 2: DMMC simulation of
pressure at the vane surfaces (image
source: [7])
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Figure 3: A flow diagram to show the
calculation flow)

For initial calculations, a three step plan was proposed
as shown in Fig.

1) Initially, the SERPENT [16] Monte Carlo, (MC) code
was used to estimate the absorption rate of neutrons in
the front and back of the vane.

2) From the relative interaction rate, the thermal energy
generated is estimated. This is converted into the steady
state AT, this can be calculated using Fourier’s Law for
one dimension [[17] (simplification: all heat energy lost
into rarefied gas on cooler side of vane).



3) Calculation of the evolved force based on AT using
equation (3) [4, [7].

However, the results of the thermal energy generated
was estimated and compared to similar calculations for
an existing Crookes radiometer (see[APPENDIX A). this
mean that steps 3 was redundant, though equation |3|is
relevant for proposed optimisation of the design.

1.5. Neutron Sources

In[APPENDIX Al it is estimated that a fluence of 6.7 x
10* thermal neutrons captured on a vane will equal the
motion from black body radiation caused by a hand onto
a square 1cm? vane. Although this represents an upper
threshold for sensitivity than current state of the art neu-
tron detectors, it should be noted that calculations are
based on a square vane. Einstein’s equation [3]is propor-
tional to the perimeter, so vanes that are made of a grid
or comb shape will have a significantly higher response.

An 24! Am —9 Be source is nominally of 1 Ci is used in
Cambridge Engineering demonstrations. At the source,
this generates approximately 2.4 x 10° (fast) neutrons.

The VR-1 sparrow research reactor achieves a peak
thermal neutron flux of 2 x 10° nv. It is available for
collaborative work if they are credited in published re-
search and commercial research on a case by case ba-
sis.

2. GEOMETRY I

]mm

——

Figure 4: Device
designed from a single
material

The first geometry investigated in this study (Fig. [),
resembles the geometry developed by Han et al. [15].
Curved blades expose the convex side to external in-
coming neutrons more effectively than the concave side.
Based on the size of the device, it is shown in
[PENDIX B that the MFP of neutrons in boron nitride
was much larger than the vane thickness. In order to
maximise the gradient across the vanes this experiment
uses a-rhombohedral crystalline boron as the material
for the device. Enrichment of the °B content would
further improve performance but was not simulated at
this time.

Figure 5: Geometry 1 flux map shows
higher flux at the leading edge of the
vanes.

2.1. Serpent Simulation:Geometry I

In simulation, the device is placed in a rarefied nitrogen
atmosphere of 4mm radius. The simulation has ‘black’
boundary conditions at 10mm. A cylindrical source of
thermal neutrons (0.025eV) made of void material sur-
rounds the device assembly with a thickness of 0.5mm.
Absorption detectors are placed in the convex side and
the concave side of a vane to record the number of ab-
sorptions and surface detectors at the outside of the rar-
efied gas tally the rate neutrons enter the experiment al-
lowing an estimate of the fluence.

Flux is generated isotropically in a cylinder surround-
ing the device assembly shown in Fig. [5] A cylin-
drical source is considered a good approximation of



a directional source averaged over the rotation of the
device. The inner gas cylinder is rarefied nitrogen at
400mT'orr. The device is as shown in Fig. 4l To avoid
neutron direction becoming biased, ‘black’ boundary
conditions were used for the outside of the simulation,
neutrons that travel outside the simulation are erased.
This means that only flux that enters the rarefied gas is
considered (though it may or may not interact while in-
side the cylinder).

The flux density map evolved by the simulation is
shown in Fig. [5] it can be seen from the image that the
neutron flux immediately adjacent to the concave side
of the vanes is depressed compared to the convex side
of the vanes. The simulation shows that the fraction of
generated neutrons that enter the experiment is 0.31308
and that the convex side of the blade receives 58.90 %
more neutron absorptions than the concave side.

Table 1: Geometry 1 results in serpent

Inward fluence cap- | 54.291 %
tured

Capture in boron 100 9%
Extra capture in con- | 17.457 %
vex side

mean fluence needed | 7.1653 x 10° | nv
to equal hand in a

lem? sensor

From this simulation it is possible to work backwards
to establish the neutron fluence required to generate the
number of neutrons estimated in [APPENDIX Al The
calculations in table tab:geom1calcs compares the max-
imum energy from a weak light source known to turn a
consumer Crookes Radiometer with the average energy
imparted by a neutron fluence. So, although it not a like
for like comparison, it does give an estimate for the flux
required for a basic device to be tested.

Table 2: Geometry 1 Summary

Advantages Disadvantages
Single material, | Lower  absorption
advantageous  for | difference between
vapour  deposition | sides of vanes
manufacture

Requires vapour
deposition manufac-
ture in boron

3. GEOMETRY II
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Figure 6: The dual material device
design

The second geometry, shown in Fig. [6] considered ben-
efits from being relatively simple to manufacture, us-
ing off-the-shelf components such as pyrolytic graphite
sheet and boron nitride aerosol sprays.

3.1. Serpent Simulation:

The second geometry flux map shown in Fig. [/| shows
much more absorption in the boron nitride than the
graphite. In fact the simulation results show that
99.998% of all capture is occurring in the boron nitride
layer. Since the neutrons are thermal there is no net en-
ergy transferred by elastic collisions so only capture is
considered in these results.



As before, the source is isotropic and surrounds the de-
vice to simulate the net absorption of rotating vanes
from a directional source.

Flux is generated isotropically in a cylinder surround-
ing the device assembly shown in Fig. [6| The inner gas
cylinder is rarefied nitrogen at 400mT orr.

Figure 7: The dual material device flux
map (inset shows graphite vane with
boron coating on bottom side)

4. DISCUSSION AND LIMITATIONS OF THE
THEORETICAL APPROACH

This study shows that the design would likely work. It
also generates some calculations that imply that the flu-
ence required to cause rotation in geometry II is not far
from those available in the lab. Improvements, like in-
creasing the perimeter of the device have not been con-
sidered, though it is known to be linearly dependent, so
increasing the response many times for a given size of
detector could be expected.

Table 3: Geometry 2 results on serpent

Inward fluence cap- | 18.536 %
tured

Capture in BN 99.9998 %
mean fluence needed | 1.2587 x 10? | nv
to equal hand in a

lem? sensor

Table 4: Geometry 2 Summary

Advantages Disadvantages
Simple to build for | Harder to miniatur-
experiments ze

More efficient oper-

ation

S. CONCLUSIONS

Two potential geometries have been investigated for a
novel method of neutron detection. If successful then
this method of neutron detection could have interesting
properties that current neutron detectors lack; it may
avoid reliance on 3He and can be manufactured with
compounds that are largely non-toxic, it would not be
affected by saturation due to pulse pile up effects and
could be extremely cheap to build.

This study provides a case for further investigation of
this design idea. Although neutrons deliver many thou-
sands of times the energy of photons, the scarcity of
neutrons compared to photons makes effecting mechan-
ical work from them difficult. The calculations in this
paper imply that it will be possible to observe the in-
tended phenomena, harvesting energy from the absorp-
tion of a neutron by boron or boron-nitride. Despite the
low expected thermal efficiency of the system, it may
be the first description of a micro-generation technique
using neutron reactions as well as a novel sensor design.

APPENDIX A. Calculations of light heating

Although neutrons impart approximately 10° times
more energy on absorption than a photon, photons of-
ten outnumber neutrons by 10'° in laboratory situations.
The following example calculations show the amount of
energy that can be expected from different light systems
and the neutron flux required to equal the light energy.

Energy of a photon:
E=hf=hc/\ “4)

So a photon of 500nm wavelength has:

E = (6.626 x 107" Js)(3 x 108m/s) /(700 x 10~ m)

=3.9756 x 107 J = 2.48cV (5)



A lamp creates 15W of photons, so the intensity at Im
is:
[ = Ppamp/(47R*)I = (15/(47) (6)

A vane of a Crookes Radiometer is around 15mm x
15mm. So:

A = (0.015m)(0.015m) = 0.000225m> (7)
So the Power of photons onto the vane at 1m is:
Pvane =1A (8)

Pyane = (15/(4 % 7 % 12)) % (0.000225)
= 268.5uWatts(1.67585 x 10° MeV)

Or
= 0.0002685/3.9756 x 107" Joules

= 6.7556 x 10* photons

A Crookes radiometer used in experiments can be ac-
tivated by the heat from a hand held close enough to
the glass to warm it up. Assuming that there is a per-
fect transfer from a hand at 15cm from the vane and the
hand is at 37°C'(310.15K)

So total radiated energy from a palm that is 10cm X
10cm would be:

4 [ 0.12
T = — B,(T)dv ¥ ——— 9
wT) c/o (Mdv+ o1 @
and by Planck’s Law:
2h1? 1
BAT) = = 5o (10)
Substitute K = 2h/c* & Ky = h/kgT then:
Ar [ K18
So:
u(T) = 4.1917 x 1078 %167.0122 % 0.0044  (12)
= 3.0803 x 10~%joules (13)

Equivalent to 194197.88 MeV or around 104474.87
neutron absorptions per second in the hot side of the
vane. It is reasonable to assume that the silvered side
reflects 60 — 70% of photons, while the dark side re-
flects 5%

This would change the energy differential on the black
vane to:

= (194197.88 % 0.95) — (194197.88 % 0.3)
= 126228.622MeV
= 67908.663 neutrons (mean 1.88MeVl")

Assumptions: considers only the light landing on a per-
pendicular vanes. Mixture of point source and area
used.

APPENDIX B. Calculation of mean free path of a
neutron in Boron and Boron Nitride

Density:
Mp =10.8
My =14
Mirizture = 10.8 + 14 g/mol
p =2.25g/cm?
NBN = p'Na/MMizture

= (2.25g/cm?) x (6.02 x 10* nuclei/mol)
X (10.8 4+ 14g/mol)
= 5.461 693 5 molecules of BN/cm?

Microscopic cross-section:

Npi1p = 5.4616935 x 10?2 x0.199 = 1.086 8770 x 102
Npi1 = 5.4616935 x 10?2 x0.801 = 4.374 816 5 x 10

Ny =5.4616935 x 10?2

'8 = 3843 b of which p°F ;, = 38400
o8B =507b

oY =11.01b

Macroscopic cross-section:

LBV = 3842 x 1072* x 1.086 8770 x 10?2 +
5.07 x 10724 x 4.3748165 x 10%2 +
11.01 x 1072* x5.461 693 5 x 10?2
=41.75+0.26 + 0.60
= 42.6203c¢m ™!

So the MFP:

A =1/ ~0.234mm (14)

This is much larger than the thickness of the vanes at ac-
ceptable pressures, this means that geometry 1 (see sec-
tion |2)) will likely have low efficiency when made from



boron nitride An enriched ° B device would have much N B1o = P-Nao/Masizture
better efficiency, though this paper considered only nat- = (2.08g/cm?) x (6.02 x 10%* nuclei/mol)
ural boron. =1.25216 x 10%
2510 =3842.0 x 107%* x1.25216 x 102 .
= 48107.9872

so MFP:
~ 2.08¢g/cm3 Density ~ 2.08g/cm3 A =1/%P% ~20.7865um (15)
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