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1 Introduction

In many scientific fields like nanotechnologies, energy engineering or biotechnology to
give just a few examples, neutron based analytic techniques furnish powerful tools. The
neutron supply is currently mainly provided by large scale facilities based on reactor
and spallation sources. In Europe this landscape is changing strongly due to the de-
commissioning of several facilities like BER II in Germany (permanent shutdown on
11.12.2019 [13]) and ORPHEE in France (permanent shutdown 29.10.2019 [13]). On
the other hand the initial start of the European Spallation Source (ESS) as a world
leading project build in Lund, Sweden by an European collaboration is postponed. New
large scale facilities based on spallation or reactor sources are cost intensive and also
hard to realise due to political issues. Therefore a gap in the supply of the community
with neutron beam days could open up, which can be encountered by new promising ap-
proaches in the development of Compact Accelerator-driven Neutron Sources (CANS).
These concepts base on nuclear reactions of protons/deuterons in a suitable target mate-
rial. The High Brilliance neutron Source (HBS) project aims to develop a CANS which
will provide neutron fluxes at the sample position comparable to medium flux reactor
sources in a scalable cost efficient facility [26]. This will be possible by the accelerator,
target/moderator/shielding assembly as well as neutron optics and instrumentation op-
timised in every single component. In contrast to traditional reactor or spallation sources
where one source/moderator serves many different instruments, the HBS project aims to
produce tailored neutron beams demanded by the particular requirements of a specific
measurement method. With this new promising concept of a CANS the delineate short-
age of neutrons can be encountered by enabling a basic supply for neutron experiments
complementary to remaining and new build large scale facilities.
The cold moderation is a crucial element in the optimisation process of the HBS project.
A unique feature of the HBS is the use of low dimensional cold finger moderators. In
this concept which has been patented by the Forschungszentrum Jülich GmbH [14], a
so called ”cold finger moderator” is inserted into an extraction channel inside a thermal
moderator/reflector. Therefore the cold moderator can be placed in the maximum flux
of thermal neutrons which increases the flux of useable cold neutrons significantly. An
experimental validation of the low dimensional cold finger concept has been done with
a liquid hydrogen based moderator system by T. Cronert et al. in 2015 [5].
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Cold moderator systems can be constructed basing on different moderator materials.
In this thesis the efficiency of a mesitylene based cold moderator system as component
of the HBS project is investigated in an experimental setup. The measurements have
been performed in the Big Karl experimental hall, which is part of the COSY facility of
Forschungszentrum Jülich GmbH. The contribution to the HBS project is first the ex-
perimental validation and the production of experimental data at which the simulations
can be tested, and further the gathering of specific technical experiences, regarding the
engineering and handling of cold moderator systems.

The overall performance of such a moderator system is a combination of the modera-
tor material, but is also strongly depending on the geometry. It will be shown here that
mesitylene is a good choice for a system which combines a sufficient cold moderation
efficiency with a robust, easy to handle and reliable technical realisation.

In chapter 2 the HBS project will be explained in more detail. After this the the-
oretical concept of the moderation process and mesitylene as a moderator material is
shown in chapter 3. In chapter 4 the setup used for the experimental investigation of
the efficiency of a mesitylene based cold moderator system is presented. Chapter 5 ex-
plains the experimental methods used in the experiment following the data preparation,
analysation and interpretation of the obtained data. A conclusion of the thesis is given
in chapter 7 with an outlook to improve following experiments for further investigations
of mesitylene and conceptual upgrades for mesitylene based cold moderator systems.
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2.5 Instrumentation

With the optimised neutron production and moderation process, a neutron flux compet-
itive to modern reactor and low power spallation sources can be achieved for specific in-
strumentation. Examples for possible measurement techniques are reflectometry, SANS
(small-angle-neutron-scattering), or NSE (neutron spin echo) which requires cold neu-
tron spectra provided by the cold moderator equipped TMR with 24Hz pulse frequency.
Thermal neutron imaging and powder diffraction techniques which require higher neu-
tron fluxes but lower energy resolution, can be placed at the TMR with 96Hz. Here, a
thermal neutrons flux (1.65 Å) up to 5.8 · 108 s−1cm−2 will be possible. For techniques
which require epithermal neutrons like PGNAA (prompt gamma neutron activation
analysis) or neutron imaging, fluxes up to 5 · 109 s−1cm−2 can be provided at the TMR
operating at a 384Hz pulse frequency.
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3 Mesitylene as cold moderator

3.1 Moderation of neutrons

Neutrons and protons together form the nucleii, mediated by the four fundamental
forces (weak and strong interaction, electromagnetic and gravitation force). In this
thesis free neutrons are discussed, which are not bounded in nucleii and have a half-life
period of 15min until undergoing a β-decay [1]. To release neutrons from the nucleii
compound, nuclear reactions between particles are needed. To gain a high neutron
yield, reactions with high energetic primary particles in a MeV regime are required
which leads to neutron spectra with maximum neutron energies equal to the primary
particles. However, the average neutron energies of high energetic reactions are lower
than the primary particle energy but still in the MeV range.

To investigate structures with neutron radiation, the corresponding wavelength of the
neutrons (following from de Broglie´s law [7]) has to be comparable to the dimensions
of these structures. Therefore the neutron energy has to be reduced to =1 eV which
corresponds to a neutron wavelength of ≥0.3 Å. In this moderation process, the energy
transfer between the neutrons and nucleii of a suitable moderator material is based
mainly on an elastic kinetic momentum exchange which means that kinetic energy is
transferred without a change of the energy states or the configuration of the nucleus.
It has to be considered that the definition of the terms elastic/inelastic is different in
the field of neutron scattering. Per collision event an amount of energy is transferred
from the neutron to the moderator target atom, until the energies of the partners are
equal and a state of thermal equilibrium is reached. The probability for an interaction
between a neutron and a nucleus in general is given by the cross section σ of a process,
which has the unit of an area surface. The larger this effective interaction surface the
higher is the probability for an interaction between a neutron and a target particle.

With every interaction between the particles, also a specific probability for a neutron
absorption process is associated, given by the absorption cross section σabs. The ab-
sorption cross section σabs depends on the isotope of the target nucleus and the neutron
energy and is typically higher with lower neutron energies [21]. This process is inelastic
due to the integration of the absorbed neutron into the target nucleus and its excitation
to a higher energy state. An efficient moderator material is qualified by a high energy
transfer per interaction to reduce the probability for the neutrons being absorbed in the
moderation process. The maximum energy transfer proportion Et to the target atom
per collision event depends on the mass relation between the neutron mass mn ≈ 1 amu
and the atomic number of the target atom M given by eq. 1 [10].

Et =
4M

(M + 1)2
(1)

It can be seen that the energy transfer per collision event is highest for interactions
with low Z materials. Therefore hydrogen, deuterium, lithium or beryllium are preferred.

For an efficient moderator process, the needed volume of a specific moderator ma-
terial is lower with a higher atomic density. Therefore the material candidates have to
be solid or liquid in the desired temperature regime. For organic compound materials,
a high hydrogen density is preferred.

Additionally other energy transfer processes which support the moderation capa-
bilities arise from the lattice of solid moderators and/or the molecular structure of
compounds. For neutron energies <4 eV (thermal and epithermal regime) a neutron
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can transfer kinetic energy partial to a target molecule (respectively the lattice) by ex-
citation of vibrational and/or rotational modes [21]. These processes are highly relevant
to describe the moderation properties of organic compounds. To take the cross-sections
for these energy transfers into account in simulation programs, so called S(α, β) data
sets are used. The double differential cross section of collision events in compounds
which transfer energy into free states given by vibrational and rotational modes can be
calculated with eq.2 [21]:

σE−>E′,µ =
σb

2kBT

√

E′

E
S(α, β) (2)

With the neutron energy E before and E′ after scattering, the temperature of the
medium T and the bounded scattering cross section of the medium σb. The function
S(α, β) describes the scattering law depending on the momentum transfer α (eq.3 [21])
and the energy transfer β (eq.4 [21]):

α =
E′ + E − 2µ

√
E′E

AkBT
(3)

β =
E′ − E

kBT
(4)

In technical applications, cold neutron moderation is commonly performed in a two
step process following the different requirements to the moderator material over a broad
temperature range. In the first stage the high energetic neutrons are thermalised to
room temperature (see also ch. 4.4). In the second stage the thermalised neutrons are
moderated to cold neutron temperatures (see also ch. 4.5). In this thesis the modera-
tion performance of mesitylene is investigated which mainly utilises the second energy
transfer.

3.2 Mesitylene

Mesitylene (1,3,5-trimethylbenzene - C6H3(CH3)3 in the IUPAC 4 nomenclature) is an
organic compound based on a benzene ring with three symmetrical attached methyl
groups as depicted in fig. 6.

The substance is a colourless liquid at room temperature (boiling point at 437K
and melting point at ≈228K [30]) with a density of 0.864 g cm−3 [3] and a high proton
amount. Therefore it is proposed as a suitable material for cold moderator applications.
Due to the symmetrically arranged, weakly hindered methyl groups bounded to a me-
someric benzene ring (depicted in fig. 6), it has rotational and vibrational degrees of
freedom [30] which offer interesting benefits compared to other organic compounds in
regard to the application in cold moderator systems. This is further explained in the
following paragraphs. Mesitylene is safe and easy to handle. The substance is neither
toxic nor carcinogenic, has a relatively high ignition point at 823K but is still classified
as being flammable [16].

4International Union of Pure and Applied Chemistry
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Figure 7: Vibrational spectra of different solid phases of mesitylene at T =20K [18].

Figure 8: Neutron spectra for ice, solid methane, mesitylene (phase III) and liquid
hydrogen measured at 20K in the JESSICA experiment [19].

organic moderator compound and recombine to wax-like alkanes which can polymerise in
(-CH2-)n chains. The energy released in (i) accumulates and can release spontaneously
(the so called ”burp”) which can cause damage to the moderator container [12]. This
can be avoided by an regularly annealing of the moderator. The deposits formed in (ii)
reduce the efficiency of the moderator [10]. Mesitylene is less affected by radiation due
to its freely rotating methyl groups and shows no spontaneous energy release [22].
In conclusion mesitylene is a high promising material for the application in cold mod-
erator systems. The moderator efficiency is satisfying and could be increased by a
crystallisation in phase II. The technical realisation of an easy to handle, affordable
mesitylene based moderator system with less maintenance over a long duration period
compared to alternatives like liquid hydrogen or solid methane is reasonable.
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4.3 Target

A Ta target is used to produce neutrons via the (p,n)-reaction channel. This target is
mounted in the target assembly which is flange mounted to the evacuated beam pipe
of the proton beam line. The beam pipe vacuum includes therefore also the target
assembly which is shown in detail in fig. 13. It consists of a stereolithographic (SLS) 3D
printed target holder, which is vacuum seal glued to an aluminium CF vacuum flask.
The material of the printed part is a UV hardened polymer resin, which has similar
thermal moderation properties compared to PE. In this part the target is mounted in
an angle of 45° aligned to arrange the experimental setup in the Big Karl experimental
hall (see also fig. 10). The target is a Tantalum disk with a diameter of 50mm and a
thickness of 5mm. The material and dimension of the target has been chosen regarding
to the investigations in previous HBS measurements attuned to an optimised neutron
yield [24].

Figure 13: Rendering of the vacuum flange (transparent drawn, red wireframed) with
the mounted Ta disc target, onto a 3D printed target holder.

4.4 Thermal moderator assembly

The thermal moderator sketched in fig. 14 shows the thermal moderator block made
of high density polyethylene (PE) which is used to moderate the high energy neutrons
to thermal energies. This organic polymer compound (C2H4)n has sufficient thermal
moderation properties due to the high amount of hydrogen (see also ch. 3). For the
inside view, the two upper segments are shown half transparent. The two inner segments
are carved in the shape of the inside placed assemblies to encase these components as
tight as possible to optimise the moderation efficiency and give the components static
support. An extraction channel is placed at an angle of 45° extracting the neutrons from
the thermal maximum.
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Figure 14: Rendering of the thermal moderator assembly.

4.5 Cold mesitylene moderator

A cold mesitylene moderator is placed into the extraction channel and in front of the
target. The moderated neutrons are measured with the TOF setup explained in ch.
4.6. The core component of the experiment is the cold moderator assembly consisting of
the mesitylene vessel attached via a conducting thermal bridge to a coldhead cryocooler
device as shown in fig. 15. The housing of the assembly (shown half transparent) is
impinged by an insulation vacuum of 10−6 mbar provided by a turbo-molecular pumping
station5 connected to a DN KF40 flange at the crosshead. The crosshead is a DN CF100
pipe element with four diametrical arranged DN KF40 flanges. At these flanges the
vacuum feed-throughs for the mesitylene in- and outlet and the sensor/heater connectors
are mounted.

5Pfeiffer Vacuum HiCube Eco 80.
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Figure 15: Rendering of the cold moderator assembly.

The moderator vessel made of aluminium has an inner dimension of 60mm diameter
and a height of 30mm. The moderating mesitylene volume is therefore 78.5 cm3. Com-
ponents which are located in the neutron beam are mainly made of aluminium, which
has a small neutron scattering and absorption cross section over a broad energy range
[17] and is therefore nearly transparent to neutron radiation. The mesitylene vessel
is connected with the inlet/outlet via stainless steel tubes to a vacuum feed through
mounted in a DN KF40 flange of the crosshead. With these connections, a closed loop
system with a mesitylene reservoir and a pump is established during the freezing process,
which is described in ch. 5. A Vespel® spacer holds the tubes and the mesitylene vessel
in a free standing position to prevent contact and therefore unwanted heat exchange
to the assembly housing mounted to a DN CF100 flange of the crosshead. The cooling
of the vessel is provided by a coldhead cryocooler thermally connected to the side of
the vessel (see fig. 15) via a thermal bridge. The thermal bridge is made of copper
with a diameter of 50mm and a length of 108mm. It is screwed into the flank of the
mesitylene vessel by a threaded rod with an interlayer of indium in between. Indium
has a high ductility also at cryo temperatures. Therefore it is needed as a gasket to
ensure a prober thermal coupling of the parts. The opposite side of the thermal bridge
is clamped connected with an indium interlayer to the coldhead device. The thermal
bridge is wrapped by a heating wire and covered by Stycast® to enhance the thermal
conduction between sensor, heating wire and thermal bridge. To measure the temper-
ature of the mesitylene, a sensor diode6 is attached to the bottom of the vessel (sensor
1). The outlet of the mesitylene vessel is wraped by a heating wire to prevent freezing of
the inlet (see also ch. 5) and equipped with a temperature sensor diode6 (sensor 2). A
cadmium aperture is mounted in the crosshead (yellow marked in fig. 15) to define the
neutron radiating surface of the moderator vessel coupled into the neutron guide (see
ch. 4.6) and lower the neutronic background. In fig. 16 an overview of the temperature
control of the moderator system and the mesitylene circle is sketched. The temperature

6DT601

18



control of the system is realised by two PID (proportional-integral-derivation) circuits
of a temperature controller7 which are connected to the sensors and heaters.

Figure 16: Sketched overview of the temperature control and closed loop mesitylene
circle of the moderator system.

4.6 Detector system

The detector setup can be divided into three main components - (i) the neutron guide,
(ii) the 3He tube detectors and (iii) the B-PE shielding, which are sketched in fig. 17.
The neutron guide is placed in front of the cold moderator assembly in the center of the
neutron beam as shown in fig. 14.

7Lakeshore 336
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Figure 18: Neutron guide placed in front of the cold moderator and target assembly
which is flanged to the proton beamline with attached quadrupole magnet. On the right
upper side of the picture the closed loop mesitylene system is visible (sketched in fig.
16).

4.6.2 3He-tube detector

For the neutron measurements which are presented in ch. 6, 3He-tube detectors have
been used. The working principle of these proportional counter tubes is a gas discharge
process. The 3He isotope has a high neutron absorption cross section for a broad range
of neutron energies shown in fig. 19 together with a low atomic number Z = 2. These
properties lead to a high neutron sensitivity combined with a low γ-sensitivity of the
detector system [9]. The neutron capture reaction is given in eq. 5 [9].

3He+ 1
0n → 3H + 0

1p+ 0.764 MeV (5)
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Figure 19: Absorption cross sections σabs for 3He, 10B and 6Li in neutron capture
reactions plotted against the kinetic neutron energies. [9]

In fig. 20 the working principle of a 3He detector tube is displayed as cross-sectional
image. Additionally, the peripheral devices for the TOF measurement are shown. The
detector tubes used for the measurements have an outer diameter of 25.4mm (1”) and
a length of 200mm. The tube is made of stainless steel with a wall size of 0.8mm and
is filled with 3He as active detector gas.

Figure 20: 3He detector tube with connected peripherals for measurements in TOF
mode.

In the center of the tube a wire is mounted isolated to the housing and biased with a
voltage Ubias = 1.2 kV . This causes a radial electric field gradient inside the 3He filled
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for a suitable, constant bias voltage Ubias to suppress counts triggered by other initial
ionisation processes than a neutron capture event.

4.6.3 Detector housing/shielding

The 3He tube detectors are mounted on a rotatable cradle. The detector arrangement
is shielded by borated polyethylene (B-PE) against neutronic background. An view on
the detector assembly placed inside the shielding is given in fig. 22.

Figure 22: Inside view of the detector housing. The exit window of the neutron guide
pierces through the blue coloured B-PE shielding board and is aligned to the neutron
tube detectors mounted in a rotational detector cradle.

10B + 1
0n → 7Li+ α+ 2, 792 MeV (6%)

→ 7Li∗ + α+ 2, 310 MeV (94%)
7Li+ γ(0.48 MeV )

(6)

The shielding of the housing consists of 40mm thick boards of 20% borated high
density polyethylene (B-PE). This compound material has superior neutron shielding
capabilities. The PE matrix thermalises fast neutrons as described in ch. 4.4. The
thermalised neutrons are captured in a (n,γ)-reaction given in eq. 6 [9] due to the high
absorption cross section of the added 10B (see also fig. 19).

4.6.4 TOF (Time-Of-Flight) technique

The Time-Of-Flight (TOF) technique has been used to measure the neutron spectra
presented in ch. 6. The basic principle is, that a neutron with a certain kinetic energy
and corresponding velocity needs a defined time to reach the detector over the known
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5 Experimental methods

5.1 Filling the moderator vessel with mesitylene

The moderator vessel is connected to a closed loop system as shown previously in fig. 16
to pump the mesitylene from a reservoir into the moderator vessel. The outlet connection
of the vessel is aligned upwards in a slightly tilted position to avoid air congregations.
The filling process is finished when pure mesitylene, free of air bubbles, is visible in the
transparent silicon tube of the return circuit, which takes ≈5min. The pump should
also be activated shortly before a freezing process is started to vent the system and
ensure that the vessel is completely filled.

5.2 Freezing and temperature stabilisation of mesitylene

An essential element of the experiment is the cooling of the mesitylene moderator and
stabilising its temperature at specific setpoints. As presented in fig. 15, the mesitylene
vessel is thermally connected to a coldhead cryocooler device by a thermal bridge. The
reason for this construction is (i) to place the coldhead outside the neutronic field and
(ii) to add a heater to the thermal bridge. This heater enables the system to hold
setpoints over a broad temperature range and is needed due to the limitations of the
cryocooler. The cryocooler generates a constant thermal flux depending on the current
temperature and cannot be modulated.

To operate the moderator system in a stable thermal equilibrium (setpoint of a
desired temperature), a proportional-integral-derivative (PID) controller (depicted in fig.
16) has been used to pointedly counter heat the thermal bridge against the thermal flux
of the cryocooler. The maximum heating power of the temperature controller´s8 PID
circuit is 50W. A crucial constructional defiance is to avoid any heat transfer from the
environment to the moderator system in order to reach the desired temperatures < 20K.
For this reason, the moderator is covered by an insulation vacuum of ≤ 10−6 mbar and
decoupled from the vacuum recipient with a Vespel® spacer.
The thermal transfer from the active cooling-/heating- devices into the moderator system
and the contribution of heat radiation is taken into account by a finite-element-method
(FEM) simulation in ANSYS 18 [27].

8Lakeshore 336 cryo temperature controller
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the neutron guide following fig. 28. The inside of the neutron guide has the dimensions
7000mm× 30mm× 45mm. A neutron source with homogenous energy spectra and ho-
mogeneous angle distribution in a range of 0 Å to 50 Å with a step size of δ = 0.05 Å is
placed at the surface of the mesitylene moderator and projected on the neutron guide
entrance. The output of the simulation are five sets of neutron intensities depending on
the wavelength in a range from 0 Å to 50 Å:

(i) intensity of the front detector Isim front

(ii) intensity of the transmission detector from neutrons which passed through the front
detector without being absorped Isim trans

passed

(iii) intensity of the transmission detector from neutrons which bypassed the front de-
tector Isim trans

bypassed

(iv) intensity at the exit of the neutron beam guide Isim guide
exit .

(v) intensity at the entrace of the neutron guide Isim guide
entrance .

By normalising the detector intensities to Isim guide
exit , three coefficients have been cal-

culated:

a(λ) =
Isim front

I
sim guide
exit

, b(λ) =
Isim trans
passed

I
sim guide
exit

, c(λ) =
Isim trans
bypassed

I
sim guide
exit

These and the sum b + c are plotted in fig. 30 with the same colour mapping for
the three correlated neutron paths as shown in the topview of fig. 29. The wavelength
dependence of a, b and c has been fitted by polynomial functions with a degree of 0
for a and a degree of 3 for b and c. Coefficient a is constant due to being placed close
to the neutron guide exit and a high covering of the neutron guide window of ≈60%.
Coefficient b shows a decaying behaviour due to a wavelength dependend divergence (see
eq. 17). The shape of curve c results also from the wavelength depended divergence. At
small λ, the neutrons have a very small divergence and the transmission detector is not
completely covered by the front detector. With increasing λ, the divergence increases
allowing neutrons which bypass the front detector to hit the transmission detector. This
results in a peak at ≈18 Å and afterwards a decay as with b. A calculation of ǫdet based
on these coefficients is described in the following section.
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the flux at the guide exit Φguide. Due to the normalisation to the simulated intensity
at the neutron guide exit position Isim guide

exit , the coefficients give unit less fractions,
which take into account the detector dimensions, positions and different paths of the
neutrons before absorption in the 3He volume that represents the transmission detector.
Therefore these coefficients can be used to express the flux at the back position Φback

depending on the flux Φguide at the exit window of the neutron guide in the experiment.

Φback(λ) = (b(λ) + c(λ)) · Φguide(λ) (7)

The measured intensities for the shaded and unshaded case shown in fig. 27 Itransshaded(λ)
and Itransunshaded(λ) can be connected with the absorption efficiency of 3He ǫdetHe using

Itransunshaded(λ) = ǫdetHe · Φback(λ)

= ǫdetHe · (b(λ) + c(λ)) · Φguide(λ).
(8)

Additionally it has to be taken into account that the stainless steel hull of the de-
tector tube also absorbs neutrons which are thus not counted. Therefore eq. 8 has to
be modified with a term consisting of the attenuation coefficient µFe(λ) and the wall
thickness of the detector tube twall which yields

Itransunshaded(λ) = e−µFe(λ)·twall · ǫdetHe · (b(λ) + c(λ)) · Φguide(λ). (9)

The intesity in the shaded case can be expressed by the split fluxes at the transmission
detector position Φtrans

passed and Φtrans
bypassed with

Itransshaded(λ) = ǫdetHe ·
(

Φtrans
passed +Φtrans

bypassed

)

· e−µFe(λ)·twall (10)

By using the VITESS coefficients in respect to the case ”passed” or ”bypassed”
the split fluxes can be expressed in dependence of the flux at the neutron guide exit
Φguide(λ). And also taking into account that neutrons which passed the front detector
with a probability to be absorbed at two times the wall with

Φtrans
passed(λ) = b(λ) · e−µFe(λ)·2wwall · (1− ǫdetHe) · Φguide(λ) (11)

and

Φtrans
bypassed(λ) = c(λ) · Φguide(λ) (12)

The measured intensity of the transmission detector Itransshaded(λ) can also be expressed
by inserting eq. 11 and 12 in eq. 10, resulting in

Itransshaded(λ) = ǫdetHe(λ) · Φguide(λ) · e−µFe(λ)·twall

·
(

b(λ) · e−µFe(λ)·2twall · (1− ǫdetHe) + c(λ)
)

.
(13)

The detection efficiency of the 3He ǫdetHe can be obtained by dividing eq. 13 by eq. 9.
Solving to ǫdetHe results
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ǫdetHe(λ) = 1−
(

Itransshaded

Itransunshaded

·
b(λ) + c(λ)

b(λ)
−

c(λ)

b(λ)

)

· e−µFe(λ)·2twall . (14)

The measured data (see fig. 31) and the VITESS generated coefficients (see fig. 30)
are inserted in eq. 14.

This detector efficiency will be fitted with an analytically determined detector ef-
ficiency. The attentuation of a beam by a material with thickness l is given by e−µ·l

with the attentuation constant µ. The absorption is therefore 1 − e−µ·l as the number
of particles scales linearly with the pressure p, this expression needs to be multiplied
by p

p0

with p0 =1bar the ”standard pressure”. The absorption is therefore given by

1 − e−µ·
p
p0

·l. In order to get the absorption probability for a 3He tube, the absorption
needs to be averaged over all possible paths a neutron can take. As l = 2 ·

√

r2 − x2
i

with r the inner radius of the tube and x the distance from the center to the position
within the tube, the absorption can be expressed with

ǫHe
det(λ, p) =

1

N

N
∑

i=0

(

1− e−µHe·
p
p0

·2·
√

r2−x2

i

)

, (15)

where the radius r is divided into N parts.

Unfortunately the experimentally determined ǫ did not show the expected behaviour
which was the reason that the fit of the analytically determined ǫ yielded non-physically
results. This is most likely due to the misalignment of the transmission detector. For
the next experiment it would be wise to test this approach to determine ǫ by placing
two detectors directly behind each other. The pressure p of the 3He filling could not be
obtained and verificated by utilising the measured neutron data. Therefore the pressure
p =5bar specified by the manufacturer, is used in the following.

The efficiency of the detector tube can be calculated by eq.16, which combines the
efficiencies of the 3He gas filling ǫHe

det(λ, p) with the absorption of the tube hull. Due
to the unknown stainless steel alloy of the detector hull pure Fe has been assumed.
Therefore the absorption can be slightly overestimated.

ǫdet(λ, p) = ǫHe
det(λ, p) · e−µFe(λ)·twall (16)
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6 Data analysis

The data processing, correction and normalisation of the TOF spectra has been a main
task of the experiment. Within the context of this thesis, a toolbox of python functions
for the preparation, correction and analysis of TOF spectra data has been developed,
which can also be used for following HBS experiments.

6.1 Correction of TOF data

6.1.1 Timing correction of neutron energy spectra

The timing correction of the data normalises the start time of different TOF spectra
which is determined by an initial intense peak resulting from fast neutrons. The time
of flight time frame is opened by a trigger pulse provided by the cyclotron which gives
the information of the start of the proton pulse (see also ch. 4.6). The proton pulse
correlates with the fast neutron pulse which is thermalised in the B-PE detector shielding
and can therefore be detected. Due to technical reasons the trigger signal is delayed to
the start of the proton pulse. Therefore the fast neutron peak appears split in P1 and
P2 depicted in fig. 33. This has to be corrected which is explained in detail in the
following.
The raw TOF spectrum measured with detector 3 is plotted in fig. 33. The maximum
of tfra = 80.5ms represents the chosen length of the TOF time frame with a bin
width of tbin = 25µs. The overall time of acquisition was trun = 600 s at a moderator
temperature of Tmod = 24K.

Figure 33: Raw TOF spectra of detector 3 measured at Tmod = 24K with a run time
of trun = 600 s, a frame length of tfra = 80.5ms and a bin width of tbin = 25µs.

The plot in fig. 33 shows a sharp first peak (P1) at t = 0ms which is given by fast neu-
trons. These neutrons originally produced in the target are predominately thermalised
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in the B-PE detector shielding and reach the detector without passing the neutron guide
as unwanted neutronic background which will be corrected in later steps. From t = 1ms
the spectrum of the moderator setup including the PE volume of the thermal modera-
tor is visible which is afterwards overlapped with the cold spectrum of the mesitylene
moderator. It has a moderation peak at t = 6ms and a following decrease in intensity.
A prominent feature of the spectra is the sharp peak at t = 80ms. This second peak
(P2) is a result of a delay between the trigger signal provided by the cyclotron and the
start of the proton pulse. Therefore P2 represents the shifted start of the fast neutron
peak and is shown magnified in the blue curve of fig. 35. Besides the neutron detectors,
a pulse generator with a frequency of fgen = 4kHz has been connected to an input of
the TOF counter card to produce a constant reference count rate when the TOF time
frame is open.

The generator signal has been utilised to apply two adjustments on P2, before it is
shifted ahead of the spectra and combined with the P1. In the first modification the
amplitude of the peak has to be upscaled due to the skipping of pulses resulting from
the macro pulsing with period Tmac of the cyclotron (further explained in ch. 4.2).
The TOF time frame is opened with a trigger signal continuously received in the micro
pulse time period Tmic. With each period of Tmac the proton pulses are intermitted
causing the open TOF frame to run to the maximum length tfra and stop waiting for
the next trigger pulse. When the next pulse triggers the TOF frame after the macro
pulsing pause, the start of these fast neutron peaks (P2) are not counted due to the
delay between trigger signal and arrival of the initial fast neutrons. The fraction of
the missing counts can be determined by the ratio Rscale = 1 − Iafter

Ibefore
of the averaged

intensities before P2 (Ibefore) and after P2 (Iafter).
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Θx
opt = arctan

(

wng

lng

)

, Θy
opt = arctan

(

hng

lng

)

(17)

Eq. 17 yields geometry depending divergence angles Θx
opt for the rectangular neutron

guide with the inner dimensions of width wng, height hng and length lng. The optical
acceptance (i) is depicted in fig. 39 as green marked area. From the dimensions of the
neutron guide results Θx

opt = 0.25 ◦ and Θy
opt = 0.37 ◦.

The (ii) regime of acceptance is given by the condition for total reflection at the
inner wall of the neutron guide. This is fulfilled for incident neutron beams with an
angle < Θcrit(λ) which can be expressed in good approximation with sin(Θcrit) ≈ Θcrit

by eq. 18 [6] with the reflection coefficient mNi58 = 1.2 for a single coating with 58Ni.

Θcrit(λ)[
◦] ≈ 0.1 ·m · λ[Å] (18)

The acceptance for the neutron guide is also shown true to scale in fig. 28 for Θx
opt

and Θcrit(λ = 30 Å).
To obtain a wavelength depending gain correction function for the characteristics

of the neutron guide, a VITESS 3.4 simulation has been utilised analogous to the pro-
ceeding described in ch. 5.4.1. In this simulation the geometry of the neutron guide
and the reflectivity properties10 are taken into account. In front of the neutron guide
input window, a neutron source with homogenous spectra and homogeneous angle dis-
tribution in a range of 0 Å to 50 Å with a stepsize of δ = 0.05 Å is placed. The output
of the simulation is the intensity Iin(λ) at the entrance window and the intensity at
the neutron guide exit Iout(λ). Additionally a second simulation has been performed
with the same parameters but a non reflective (”black”) neutron guide. Therefore the
wavelength independent fraction of the optical acceptance regime (i) has been isolated.
The normalised intensity at the non reflective neutron guide exit Iout,black is averaged
to a scale factor S (eq. 19).

S =
Iout,black

Iin
(19)

ǫ(λ) =
Iout(λ)

Iin(λ)
· S−1 (20)

Fig. 40 shows the simulated data points following eq. 20. This curve results from
an overlay of the neutron guide divergence regimes (i) and (ii). To fit the data points a
polynomial function with a degree of 6 has been chosen which is plotted as orange line.
The polynomial fit function is applied on the measured spectra to correct the neutron
guide characteristics.

10In the VITESS software, both the refractive index m and the roughness of the neutron mirrors are

considered.
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The normalised proton intensity allows to identify the change of the beam parameters
Tmic and tpulse and therefore the duty cycle of the beam from 200 µs

50ms = 0.4% to 500 µs
80ms =

0.625% for the runs from #158 to #207 as labelled in the plot.
It has been shown that the new developed current measurement technique for the ”lH2”
experiment can give reliable information about the beam current and can be correlated to
the fast neutron data in the ”mesitylene” experiment to reconstruct the beam current
from this data. Therefore the obtained conversion factor Cconv is used in ch. 6.2 to
rescale the neutron spectra with the beam current Ip.

6.2 Interpretation of data

To investigate the data obtained in the experiment, the runtime of each single run at
the same mesitylene temperature is summed up and shown in tab. 1.

Tmod [K] trun [s] fpulse [Hz] Tmic [ms]

22 3260 20 50
30 8400 20 50
40 7200 20 50
52 5400 20 50
57 6000 20 50
90 5400 20 50
100 3300 20 50
140 4200 20 50
180 3300 20 50
300 1890 33 30.3

Table 1: Overview of the total run time trun at each mesitylene temperature Tmod and
the pulse frequencies fpulse with the corresponding micro pulsing time period Tmic. The
pulse width have been tpulse =200 µs for all measurements. The data is measured with
detector 3 and a bin width of tbin =25 µs

Fig. 48 shows the measurements for moderator temperatures Tmod between 300K
to 22K with full applied data correction as explained in the previous chapters.
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more undermoderated. The lower Tmod the higher is the undermoderation of the cold
moderator system. That indicates that either the moderator volume is to thin so that
no thermal equilibrium can be achieved or that this has a too large contribution from
the thermal moderator (PE) volume.
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7 Conclusion & outlook

In this thesis the results of the investigation of the performance of a mesitylene based
cold moderator system at moderator temperatures in a range of 22K to 300K are pre-
sented. The experiment has been performed at the Big Karl experimental hall of the
COSY facility, Forschungszentrum Jülich GmbH. The JULIC cyclotron accelerator pro-
vided a 45MeV proton beam to produce neutrons in a Ta(p,n) nuclear reaction. The
neutrons have been pre moderated in a thermal PE moderator and moderated in the
mesitylene cold moderator system. The mesitylene has been cooled by a coldhead cry-
ocooler. Stable setpoints between 22K to 180K have been realised with a PID controlled
counter heater setup. The moderated neutrons have been measured via TOF using a
7000mm neutron guide as flight path and 3He tube detectors in a TOF counter mode
to measure the neutron spectra. To analyse and correct the obtained spectra, a python
toolbox has been developed which functions give also a good base to analyse following
moderator experiments.
The measured spectra have been analysed regarding the gain of cold neutrons for dif-
ferent moderator temperatures compared to a room temperature spectrum. It has been
shown that the gain for cold neutrons reach saturation plateaus between a gain factor
of 5.0± 0.4 for 100K and 19.0± 2.2 for 22K. The neutron flux for three different wave-
lengths of interest, 1 Å, 2.5 Å and 5 Å, in view of technical applications of the moderator
system has been investigated. For 1 Å neutrons the intensity decreases for moderator
temperatures between 180K to 57K from ≈3.8 cts/s to ≈2.2 cts/s and remains constant
for temperatures ≤57K. For 2.5 Å neutrons the intensity rises for temperatures between
180K to 57K to a maximum of ≈1.5 cts/s and slightly decreases for moderator temper-
atures ≤22K. Also for cold neutrons with 5 Å an increase in intensity for decreasing
moderator temperatures ≤180K to ≈0.3 cts/s at 22K could be observed.
In order to investigate the neutron moderation more detailed, a separation of the mea-
sured spectra into three different neutron populations regarding their neutron tempera-
ture and occupation following the Maxwell-Boltzmann distribution have been performed.
The fits result in a set of three fractionated neutron populations N0,1,2 associated with
an average neutron temperature T0,1,2 per population. N2 with the corresponding T2

is the fraction with high energetic neutrons which interact just slightly with the mod-
erators.The decrease of N0 with an increase in N1 with lower Tmod is related to the
broadening of the cold moderator spectra peak. Population N0 therefore represents
neutrons which are mainly interacting with the mesitylene. To investigate the modera-
tion properties of the whole moderator system, the average of the temperatures T0,1,2

weighted with the corresponding populations N0,1,2 has been calculated. Although the
uncertainty in the neutron temperature is quite high, the trend of a linear dependence
between the moderator temperature and the averaged neutron temperature can be ob-
served. The figure of merit q = T0

Tmod
− 1 has been introduced, which gives a percental

value for the grade of undermoderation (respectively the deviation from the thermal
equilibrium) of the cold moderator system. The grade of undermoderation q increases
from (114± 7)% at a moderator temperature of 180K to (423± 191)% at 22K. Un-
fortunately the uncertainties in q propagated from T0 are high for Tmod =52K, 57K,
100K and 180K in these data points due to the amount of fit parameters which causes
instabilities of the fit.
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Regarding the cooling device as a central part of the cold moderator system, it has
been shown that the presented cryo cooling setup was qualified to stabilise the mesitylene
temperatures from 22K to 180K sufficiently to perform the measurements of the neutron
spectra. Following experiments could be set up to investigate the moderation efficiency
of mesitylene in different phase states. Therefore the setup has to be modified to enable a
lower cooling rate in the temperature regime from the melting point at Tmelt ≈ 228K to
the desired minimum temperature. This is needed to freeze mesitylene in the amorphous
phase state II as explained in ch. 3 which promises a gain in the moderation efficiency.
As explained in ch. 3 the performance of the system is strongly depending on the
geometry of the moderator. The observed high undermoderation shown in ch. 6.2 can
also be investigated in more detail and optimised with a larger moderator volume.
Due to the observed shrinking of the mesitylene during the freezing process described
in ch. 5.2 it is promiscuous to do also further investigations here.

Figure 57: On the right side a x-ray image of an aluminium vessel half filled with liquid
mesitylene is shown. A high contrast between mesitylene and air can be observed. The
vessel is slightly tilted to identify the fill level. The left side shows the vessel on the
sample stage of the x-ray system.

The vessel can be x-ray imaged to observe the homogeneous filling and freezing of the
mesitylene. First approaches have been done with an x-ray system in cooperation with
the ZEA-1 institute of Forschungszentrum Jülich GmbH. Fig. 57 shows an aluminium
container filled with liquid mesitylene x-ray imaged It can be seen that it is possible to
resolve a good contrast between liquid mesitylene and air at room temperature. The
observation presented in ch. 5.2 regarding the outgasing of atmospheric gas leads to
the assumption that (i) the change of the mesitylene density between the liquid and
the frozen state is negligible and (ii) that voids can occur in the frozen mesitylene and
reduce the moderator volume. From (i) follows that the contrast in x-ray imaging would
be comparable also for frozen mesitylene and allow a further investigation of the vessel
after freezing procedure to confirm a proper filling during the presented experiment
afterwards. If (i) can be confirmed it follows that the construction of the cold moderator

64



can be improved. The mesitylene can be conditioned by using a vacuum to remove
solved gases from the liquid before the vessel is filled. This could open the possibility to
develop an encapsulated vessel which simplifies the construction significantly by waiver
the closed loop system. The vessel has to be filled once and can be operated maintenance
free.

Figure 58: Conceptual design for an aluminium vessel inlay to serve as catalyst and heat
distributor. The structure is a cuboid grid of rods with an edge length of 5mm and a
rod diameter of 0.3mm.

Another upgrade of the moderator system can be achieved by an inlay grid inserted
in the moderator vessel which is depicted in fig. 58 in a conceptual design. The structure
can be manufactured from aluminium with the µ-SLS (Micro Selective Laser Sintering)
3D printing technique which is capable to reproduce feature sizes with sub-5µm reso-
lution [25]. This new component can enhance the moderator in two different ways: (i)
As shown in ch. 3, organic compound based moderators degenerates due to the radicals
formed in radiolyses processes. Mesitylene is less affected then other compounds but has
still a limited lifetime in high neutron fields. This issue can be encountered by the use
of aluminium as a catalyst suggested by Parajon et al. [22]. The proposed inlay benefits
thereby from the typical rough surface structure resulting from the SLS process, which
enlarges the catalytic capability. (ii) the heat distribution in the mesitylene with a low
thermal conductivity is enhanced by the highly thermal conductive aluminium rods of
the inlay and leads to a more homogeneous freezing. A disadvantage of the inlay is the
reduction of the mesitylene volume which is ≈5.6% for the exemplary shown structure.
This loss can be reduced by an optimised inlay structure and exhausting the possibili-
ties in resolution of new 3D printing techniques or counter measured by increasing the
moderator volume.
Another improvement of the moderator efficiency is the mixing of mesitylene with other
methyl-benzene compounds. As shown in ch. 5.2 the more efficient amorphous phase II
of mesitylene is metastable and difficile to obtain. Solutions of mesitylene with m-xylene
or toluene crystallise in amorphous solids which are stable in the whole temperature
range below the melting point [18].
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Figure 59: Vibrational spectra of a 3:2 mixture of mesitylene and toluene in comparison
with phase II mesitylene at T =20K [18].

Fig. 59 shows the vibrational spectra of a 3:2 mesitylene/toluene mixture measured
at 20K. The red marked area points out the significant higher amount of DOS in the
low frequency regime of the mesitylene/toluene mixture compared to phase II mesitylene
which qualifies the mixture to be a superior cold moderator material.
In combination with the previously presented concepts this is a promising approach to
distinctly improve the moderation efficiency, handling and reliability of organic com-
pound based cold moderator systems.

In this thesis a cryogenic moderator system based on mesithylene has been anal-
ysed. The comparison with literature has shown that the performance of a cryogenic
moderator depends on the surrounding geometry. Possibilities for further investigations
and improvements to enhance the performance of a mesitylene cold moderator system
has been proposed. It has been shown that mesitylene is a reasonable moderator ma-
terial for cryogenic temperatures at around 20K which is easy to use but offers a good
performance.
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