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Abstract

The aim of the work described in this thesis was to investigate the properties of the ultra-
cold neutron (UCN) converter materials deuterium D2, oxygen O2 and heavy methane CD4

(with emphasis on D2) in the temperature range between 8 K and room temperature. Those
investigations are part of the research and development project made in connection with
the new high intensity ultracold neutron source based on solid D2 (sD2) as UCN converter
and being built at Paul Scherrer Institute (PSI), Villigen, Switzerland. The development
of high intensity UCN sources is important for improving the accuracy of experiments in-
vestigating fundamental properties of the neutron, e.g. the search for the electric dipole
moment. Presently there are several projects to build new UCN sources in order to provide
the desired increase in intensity. The essential issue is the efficient use of the UCN converter.
At the UCN source at PSI, due to the use of sD2 as UCN converter, the UCN density will
be increased by about two orders of magnitude compared to the strongest source currently
available (at Institut Laue-Langevin (ILL)).

The UCN converter here is to be understood as a medium which reduces the velocity of
cold neutrons (CN, velocity of about 600 m/s) to the velocity of UCN (velocity of about 6
m/s). Its performance depends on the interaction of CN and UCN with the converter ma-
terial. We can distinguish three aspects: (i) the transmission of CN through the material,
(ii) the efficiency of the conversion of CN to UCN (so-called UCN production) and (iii) the
UCN transmission through the material. The first two issues are covered in this work, the
last topic has been investigated, for sD2, in our previous experiments [1].

The experimental research has been done at the FUNSPIN beamline of the Swiss Spal-
lation Neutron Source (SINQ) at PSI. We have measured the production of UCN from a
CN beam in D2 [2], O2 and CD4 and the CN transmission through all three materials [3].
In order to understand the underlying processes of the UCN production in gaseous and
solid D2 the CN energy dependent UCN production was measured [4]. The polarization of
UCN produced from polarized CN in sD2 and various methods of crystal preparation have
been tested. The obtained results have been interpreted in terms of the neutron scattering
theory.
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Chapter 1

Introduction

The main topic of this thesis concerns the theoretical and experimental aspects of UCN
production made in connection with the high intensity UCN source being built at PSI. The
PSI UCN source is a spallation neutron source and involves using sD2 to slow neutrons
into the energy range of about 100 neV. Before going into the specific details of the source
performance, we give a short overview of the motivation for building such a source, namely
the world of particle physics.

Physics describes reality in terms of quantum field theory which is based on the quantum
mechanics that was invented in 1925-26; detailed information about quantum field theory
can be found in references [5, 6]. One of the most fascinating ideas of this theory is the
equivalence of conservation laws and symmetry properties of the system. The mathematical
formulation and justification of this property is made in the Noether’s theorem [7]. Here,
symmetry is understood to mean those transformations of the system that do not change
the results of possible experiments. The transformations can be continuous, like spatial
translation, or discrete, like the spatial inversion of coordinates (change of a right-handed
coordinate system into a left-handed one or vice versa, the parity operation (P)). However,
some quantities are not conserved under particular transformations, thus telling us that the
symmetry is broken; for example in electromagnetic and strong interactions, P is conserved,
in the weak interaction this symmetry is maximally violated [8, 9].

For many years particle physicists have been interested in testing conservation laws
especially those that might show that quantum theory is not fundamental [6]. The un-
derlying theory might not be a theory of fields or particles, but something quite different,
e.g. strings. From this point of view, quantum field theory is an ’effective field theory’,
i.e. some low energy approximation to a more fundamental theory. One of the interesting
phenomena being investigated is the search for the violation of time reversal invariance;
this will be discussed in more details in the next section.
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1.1 The CPT Theorem and Time Reversal Symmetry Vio-
lation

There are three discrete transformations of fundamental importance in the quantum field
theory: the P operation mentioned in the previous section, the charge conjugation operation
(C) and time reversal operation (T). The C operation changes a particle to its antiparti-
cle and T inverts the time coordinate. The CPT theorem, which was formulated by J.
Schwinger and B. Zumino and proved by G. Lüders [10] and W. Pauli [11], shows that all
interactions are invariant under the combination of all three operations. One consequence
of the CPT theorem is that the masses and the lifetimes of particles and antiparticles are
exactly equal.

In the Big Bang scenario, which is the broadly accepted theory for the origin and evo-
lution of our Universe, matter and antimatter are made in equal quantities because the
forces which are responsible for their production are symmetric with respect to matter and
antimatter [12]. Creation and anihilation of particles and antiparticles in the hot primordial
Universe are equally probable. However, below a temperature of T ∼ 1 GeV the creation
of particle-antiparticle is energetically blocked while the anihilation goes on. If all forces
were symmetric with respect to matter and antimatter, in the Universe we would now have
very little matter and antimatter left along with the photons that were created during the
anihilation process. These photons, a relic of the earliest phase of the Universe, were first
detected in 1956 by Penzias and Wilson as the cosmic microwave background radiation1

and their spectrum has a form of the blackbody radiation at a temperature of 2.7K 2.
The Standard Model expectation for the ratio of the matter (baryons) to photon den-

sities is of the order [13]:

ηmatter = nB/nγ ≡ ηantimatter ∼ 10−18 (1.1)

The observations [14], however, show that the value of the baryon to photon ratio is:

η = nB/nγ = 6.1 × 10−10 (1.2)

This results for η makes sense only if this parameter is not a measure of nB/nγ , but rather
is a measure of some primordial asymmetry [15]:

η ≡ nmatter − nantimatter

nγ
|primordial (1.3)

The question is can one explain the origin of this primordial matter - antimatter asymmetry
from the currently known laws of physics?

A possible explanation of this discrepancy was given in 1967 by Sakharov [16]; the
baryon asymmetry can be the effect of:

• the non-conservation of the baryon number,

1Nobel Prize in Physics for 1978.
2Nobel Prize in Physics for 2006.
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• C and CP violation,

• the lack of thermal equilibrium during the expansion of the universe.

CP violation was observed in 1964 in neutral K decays by Cronin and Fitch [17] and
confirmed in 2001 in B mesons decays by the BELLE and BaBar collaborations [18, 19] how-
ever the size of CP violation is not sufficient to explain the matter - antimatter asymmetry.

CPT violation could also explain the matter-antimatter asymmetry (if, for example,
the lifetimes of particle and its antiparticle were different); however all tests of particle-
antiparticle symmetry properties indicate that all the interactions are invariant under this
combination. Examples of direct, precision test of CPT invariance using antimatter include
measurement of the electron/positron [20] and the proton/antiproton [21] mass ratios and
g-factors. Also high-precision experiments with muons [22] represent a promising approach
as well as the spectroscopic comparison of hydrogen and antihydrogen [23]; the CPT the-
orem requires that hydrogen and antihydrogen have the same spectrum. Perhaps, similar
tests could be done with antiprotonic helium [24].

The CPT theorem implies violation of the time reversal invariance T if CP invariance
doesn’t hold. Nevertheless it is important to demonstrate T violation directly, without
invoking the CPT theorem. Such a test has been done by the CPLEAR collaboration at
CERN and the direct violation of T symmetry in the neutral kaon decays have been re-
ported [25] (the validity of this results is being discussed [26, 27, 28]). There is still a need
of more independent measurements investigating the nature of the T operation.

T operation differs from the other discrete transformations C and P, both from the
conceptual and mathematical point of view. T operation implies ’running the movie back-
wards’; it inverts the direction of the flow of time (t → −t) while keeping the spatial
coordinate fixed i.e. all particles follow their trajectories in the opposite direction and the
roles of the initial and final configurations are interchanged. To fulfill this condition, T
transformation is represented by the antilinear antiunitary operator [5]. One of the ways to
find out that T invariance is violated is the observation of the intrinsic electric dipole mo-
ment (EDM) of fundamental particles of spin 1

2 . EDM ∼ qr is an assymetry in the charge
distribution, created by the separation of the charges q and −q by a distance r and its ori-
entation must be completely specified by the orientation of the particle spin. T operation
acting on the particle with spin (which is an axial vector specifying a direction of rotation)
and non-zero EDM, changes the spin direction but leaves EDM unchanged. Thus if T is a
good symmetry, particles with spin and EDM would produce degenerate states with EDM
aligned either parallel or anti-parallel to the spin i.e. we could tell the difference between a
movie running forwards and backwards. In the following section a short explanation of the
neutron EDM experimental technique is given.

1.2 EDM and Ultracold Neutrons

The electroweak Standard Model preditions [29] for the size of the neutron EDM are in the
range 10−33 ≤ dn ≤ 10−31 e · cm 3 which is well below the present experimental sensitivity;

3where e = - 1.6×10−19 C
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the current experimental limit is dn ≤ 2.9 × 10−26 e · cm (90% C.L.)[30]. The theoretical
values given above are calculated assuming CP violation is only in the electroweak sector
and due to a single complex phase δ in the CKM matrix. Taking into consideration the CP
violating term θQCD in the QCD sector, the predicted ’electroweak’ value of the neutron
EDM can rise depending on the value of θQCD, according to dn ≈ 10−16θQCD e · cm [12].
Supersymmetric Models give rise to a weak CP violation of the θQCD type, dn is of order
10−22φ e · cm with φ being the possible CP violating phase [31].

The experimental technique used to measure the EDM of a neutron is based on the
detection of the Stark splitting induced by an electric field which is applied alternately
parallel and anti-parallel to a small applied magnetic field. Any difference in the neutron’s
Larmor precession frequencies between measurements with the electric field parallel and
anti-parallel to the magnetic field indicates the presence of an EDM: more detailed infor-
mation about the experimental technique can be found, for example, in [32, 33]. The first
neutron EDM experiment was carried out by Smith, Purcell and Ramsey [34, 35] with a
beam of neutrons and gave dn = (- 0.1 ± 2.4) × 10−20 e · cm. The main limitation in
this experiment came from the motional magnetic field ∼ v × E generated by the neutron
moving through the field E. This effect can be reduced by using neutrons which would have
an average velocity v close to zero. Those neutrons with very low velocities are refered to
as UCN. The measurement of the neutron EDM is the main experiment planned at the PSI
UCN source. It has the goal to increase the sensitivity by about two orders of magnitude
and be able to measure an EDM of: 10−28 e · cm ≤ dn ≤ 10−26 e · cm.

UCN, the neutrons with energies of about 100 neV, can be stored in UCN storage bot-
tles with lifetimes comparable to the free neutron lifetime (τn = 885.7 ± 0.8 s [36]). The
fact that one can store and observe UCN for such long periods makes them an excellent
tool to study not only the electric dipole moment, but also other fundamental properties of
the neutron e.g. the lifetime. Other fields where UCN can make useful new contributions
are: the neutron mirror-neutron oscillations [37], surface physics [33] and the observation
of quantum states in the Earth’s gravitational field [38, 39]. The accuracy of such experi-
ments with the present UCN sources is limited by statistics. Next generation experiments
which aim to improve these sensitivities depend on the development of higher intensity
UCN sources.



Chapter 2

PSI Ultracold Neutron Source and
Solid Deuterium

Currently the only UCN source operated in regular user facility mode is located at Insti-
tut Laue-Langevi (ILL), Grenoble, France; UCN densities of about 50 UCN per cm3 are
available [40]. The experiments mentioned in the previous chapter would benefit greatly
from an increase in UCN density. Presently there are several projects to build new UCN
sources in order to realise this desired increase in intensity. At PSI we are setting up a
high intensity UCN source with the aim to increase the available flux and densities by two
orders of magnitude. Other efforts are under way at Los Alamos National Laboratory, ILL,
RCNP Osaka, Technical University München, North Carolina State University and Mainz
University. In fact the UCN source at the pulsed reactor TRIGA Mainz is already in oper-
ation [41].

One of the ways to increase the UCN intensity is to use an appropriate material as
UCN converter, i.e. a medium that converts CN into UCN by inelastic scattering; the
converter must have specific properties such as energy levels and excitations that enable
the downscattering to take place. This mechanism differs from a typical scheme of neutron
moderation used in the CN sources, i. e. the neutrons do not reach thermal equilibrium
with the moderator material (more detailed discussion concerning moderators follows in
the next chapter). This method of UCN production, superthermal UCN production, was
first proposed by Golub and Pendlebury [42] and is used in the PSI UCN source as well as
in the other new UCN sources.

2.1 Overview of the PSI UCN Source

In the PSI UCN source (see Figure 2.1) fast neutrons of average energy of about 2 MeV
are produced by the spallation reaction of protons of energy 590 MeV hitting a lead target
[43]. The proton beam with an intensity of about 2 mA is delivered from the ring cyclotron
with a low duty cycle (∼ 1 %), i.e. with 4 to 8 s beam on every 400 - 800 s. An overview
of the PSI accelerator facilities is given in Figure 2.2. The full proton beam from the PSI
ring cyclotron is sent into the UCN beam line by the kicker magnet placed in the extraction
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channel of the ring [44]. The proton beam in the UCN beam line can be guided onto the
spallation target or be directed to the beam dump by the second bending magnet (see
Figure 2.3 and Figure 2.4). The protons generate neutrons on the target consisting of lead
filled in zircaloy tubes. The spallation neutrons (about 10 n per p) are first moderated in a
3.3 m3 tank of heavy water at room temperature and then further cooled and downscattered
into the UCN energy range in 30 dm3 of sD2 at low temperature (∼ 5K). This moderator
assembly is shown in Figure 2.5. The neutrons exit sD2 and gain energy because of the
material optical potential (for sD2 at 5K it is 105 neV) and then are further transported
vertically 1.1 m upwards loosing energy due to gravity and reach the storage volume where
the neutrons with energies below 250 neV can be trapped and guided to the experiments
(see Figure 2.6). The sD2 converter and the UCN storage tank are separated from each
other using a valve (see Figure 2.7) to reduce neutron loss during storage. During the proton
pulse, the valve to the storage volume is open and the UCN from the sD2 converter fill the
storage vessel. After the proton pulse is over, the shutter closes and UCN are transported
to the experiments. The UCN operating scheme is shown in Figure 2.8. The storage volume
has a size of about 80 x 80 x 240 cm3 and serves as intermediate UCN storage between
the proton beam pulses, thus allowing for quasi continuous availability of the UCN from
the source. Storage of UCN relies on the possibility to totally reflect these neutrons under
all angles of incidence from suitable materials. Over past few years we were investigating
different materials in order to minimize the neutron losses in the UCN storage volume and
thus improve the source performance. Our research lead to the choice of the most promising
materials for the storage volume of the UCN source at PSI namely diamond-like carbon
(DLC) coated materials.

2.2 Solid Deuterium Moderator

The sD2 converter is the heart of the UCN source. The sD2 will be kept in a vessel man-
ufactured from AlMg4.5 (lower part) and AlMg3 (upper part) and will be cooled down to
6K using supercritical He. The scheme of the sD2 container is shown in Figure 2.9. The
vessel will be placed at the bottom of the vertical neutron guide, and for safety reasons, it
needs to hold several atmospheres of overpressure and also be vacuum tight. Moreover the
upper surface needs to be thin enough to allow the UCN to escape. Several tests have been
done to optimize the shape and material of the upper part of the sD2 vessel; the final shape
is shown in Figure 2.10. The crystal of ortho-D2 can be frozen either from the liquid or the
gas phase in the vessel. During the proton pulse, a temperature increase to about 8-10K is
expected. Our research showed that the UCN transmission through the carefully prepared
D2 crystals does not deteriorate[1] due to the thermal cycling between 5 and 10K.

This thesis is a part of the detailed R&D program that covers not only the engineering
aspects of preparing and handling of sD2, but also especially the relevant physics involved.
One of the results of our research, the UCN production cross section [2], allows us to cal-
culate the expected density of UCN in the source. With the 2 mA proton beam onto the
Pb target, a cold neutron flux of about 2 x 1013 cm−2s−1 in the relevant region of sD2 will
produce 2.2 x 105 cm−3s−1 UCN according to the measured UCN production rate Rsolid,8K
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= (1.11 ± 0.23) × 10−8 cm−1 (see chapter 6). The lifetime of the UCN in the sD2 converter
depends on the temperature[45]. During the proton beam pulse of 4s (8s), the temperature
of the UCN producing region of sD2 is calculated to rise from 6 to 8K (10K). Thus, conser-
vatively assuming a 4 s long proton pulse and a constant lifetime of about 30 ms for UCN
in sD2 (at the end of the 4 s pulse) one calculates a density of about 6000 cm−3 in the sD2

converter.
Proton pulses exceeding 8 s are not foreseen because of the heat load on the moderator;

a practical limit on the proton pulse length of 8 s has been implemented by the layout of
the power supply of the kicker magnet in the proton beam line [44]. The optimum (po-
tentially shorter) pulse length will be determined experimentally by analyzing the source
performance with the boundary condition of an overall 1% duty cycle (a limit imposed by
radiation protection consideration). It is not expected that the sD2 converter performance
will deteriorate under irradiation besides the increase in thermal upscattering due to in-
creased temperature. The ortho-D2 concentration will be affected only slightly but will
have a tendency to improved [46, 47, 48].
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Figure 2.1: Layout of the UCN source at PSI. The proton beam hits the spallation target
from the left. Spallation neutrons will be thermalized in the ambient temperature D2O
moderator, further cooled and downscattered into the UCN regime in the cold sD2 moder-
ator. Through a vertical neutron guide, the UCN reach the storage volume where they can
be trapped and distributed to the experiments.
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Figure 2.2: Layout of the PSI proton accelerator and the site of the UCN source.
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Figure 2.3: Scheme of the UCN proton beam line.

Figure 2.4: Layout of the proton line, UCN source and the UCN experiments.



2.2 Solid Deuterium Moderator 11

Figure 2.5: Drawing of the D2O moderator tank (grey). One can see the proton beam pipe
(horizontal pipe coloured in pink and blue) and the vertical neutron guide (yellow). The
D2O tank, made of aluminium alloy, has a diameter of 1.6 m and volume of about 3330
liters. Heavy water will be used to moderate the spallation neutrons and also to cool the
spallation target. The sD2 tank (coloured in green) is inserted into the system through the
vertical guide.
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Figure 2.6: A model of the UCN storage tank together with one of the UCN guides, through
which the UCN are transported to the experiment.
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Figure 2.7: Drawing of the UCN shutter placed between the sD2 converter and the UCN
storage volume (at the end of the vertical neutron guide (see Figure 2.5)).
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Figure 2.8: PSI UCN source operating scheme using a 1% duty cycle. UCN intensities in
the storage tank and in the experiment and expected background are plotted in arbitrary
units over time (figure by J. Sromicki).
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Figure 2.9: A cut through the sD2 container.

Figure 2.10: The toroidal shaped sD2 converter lid made from AlMg3.



Chapter 3

The Moderation of Neutrons

Detailed knowledge about the properties of the converter material is important for optimal
UCN source performance. The main efforts are directed towards investigations of super-
fluid helium [51, 52, 53, 54, 55, 56, 57] and sD2 [58, 59, 60, 61, 62, 63, 64, 65, 45, 66, 2, 1].
Alternative candidate materials with the appropriate characteristics have been proposed;
solid heavy methane CD4 [67] and solid oxygen O2 [69, 70, 71] are currently under study.

The essential issue is an efficient use of the UCN moderator. The moderation of neu-
trons is based on their interactions with a scattering medium and the scattering process is
characterized by the differential scattering cross section. This is determined by studying
the conservation of energy and momentum in the center-of-mass of incident neutron and
struck nucleus, molecule or material, and expressing them in the laboratory system ref-
erence frame. The scattering processes may be classified by separating them between (i)
elastic and inelastic interactions depending on the way how the energy is interchanged in
the collision, and (ii) coherent and incoherent depending on the interference effects. Dur-
ing elastic collisions in the center-of-mass system, the kinetic energy and momentum of
a neutron are conserved, while during the inelastic collisions, the scatterer undergoes a
change of quantum state in the interaction causing the change of neutron energy. In case
of fast neutrons with energies greater then 1 eV, the target atoms can be considered free
and at rest before collision and the scattering process can often be considered in terms of
elastic scattering. At smaller neutron energies, the thermal motion of the scattering atoms
becomes noticeable; collisions in which the neutron gains energy become possible, and the
probability for collisions with an energy loss becomes smaller (see Figure 3.2). Furthermore,
a low energy neutron interacting with a molecule may be scattered coherently from different
nuclei or excite various vibrational, rotational, or translational modes of a molecule; and
in interactions with a crystal, it may undergo Bragg scattering or excite vibrational modes
(phonons) of the crystal. In order to understand the full picture of the moderation process,
it is important to investigate all possible channels of energy exchange between the neutron
and the struck atom.

In this chapter the moderation process will be described by means of elastic scattering
and a simple model describing the neutron moderation is proposed. The detailed treatment
of the neutron scattering including various aspects of the interaction between the neutron
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Figure 3.1: Kinematics in the laboratory (L) system (left) and center of mass (CM) system
(right).

and the struck atom is discussed with relation to the experimental results in the chapter 5.

3.1 Elastic Scattering and Moderation

For sufficiently high neutron energies, the moderation dynamics can be treated by means of
elastic scattering between the neutron of mass 1 and energy E0, and a free atomic nucleus
of mass A that is initially at rest. In this type of scattering, the total energy is conserved
and the energy lost by a neutron is transferred to the recoiling particle. Such a moderation
process takes place (i) in the heavy water moderator of the PSI UCN source, where the fast
neutrons (∼ 2 MeV) are downscattered to thermal neutrons (∼ 25 meV) and (ii) in the
solid deuterium moderator in which, neglecting the UCN production, the thermal neutrons
are moderated to cold neutrons ( ∼ 2 meV).

The energy E of a neutron after the elastic collision in the laboratory system (L) is
given by:

E = E0
A2 + 2A cos ψ + 1

(A + 1)2
(3.1)

where ψ is the scattering angle in the center of mass system (CM) (see Fig. 3.1). The
scattering angle in the laboratory system is given by:

cos θ =
A cos ψ + 1√

A2 + 2A cos ψ + 1
(3.2)

It is useful to introduce the parameter α, which depends only on the mass of the struck
nucleus and is equal:

α =
(

A − 1
A + 1

)2

(3.3)

Then the equation 3.1 becomes:

E

E0
=

1
2
[(1 + α) + (1 − α) cos ψ)] (3.4)
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In view of equation 3.4 it is evident that the energy of an elastically scattered neutron
always lies between αE0 and E0. A neutron can loose all its energy in a single collision
when α = 0, i.e. with hydrogen, while for collisions with all other nuclei, it can lose at most
only a fraction of its original energy. For example, for heavy water (D2O), the moderator
material that will be used in the UCN source at PSI, α(D2O) � 0.8 and α(D) � 0.1. At
high energies ( ≥ 100 eV ), the neutron does not see the heavy water molecule and its
velocity is reduced by the interactions with the deuterium atom ; at lower energies, the
reduction in velocity (so-called slowing down of a neutron) by interacting with the molecule
becomes relevant. Therefore, neutrons can lose 20 % or 90 % of their energy in a single
elastic collision with a heavy water molecule or a deuterium atom, respectively. The second
important constant is the average logarithmic energy loss ξ which helps to estimate the
average number n of collisions necessary to moderate a neutron with an initial energy E0

to the energy E. A moderator slows down neutrons the better the larger ξ is:

ξ = lnE0 − lnE = 1 +
α

1 − α
lnα (3.5)

For hydrogen ξ is equal 1 and for large A can be quite well approximated by:

ξ � 2
A + 2

3

(3.6)

The average number n of collisions is calculated with the following formula:

n =
ln(E0/E)

ξ
(3.7)

For heavy water molecule ξ(D2O) � 0.09 and for deuterium atom ξ(D) � 0.75. The num-
ber of collisions necessary to moderate neutrons of 2 MeV to 25 meV in heavy water can
be estimated by dividing the energy range into two regions: (i) neutron energies between
2 MeV and 100 eV, slowing down on deuterium atoms, n � 13 and (ii) neutron energies
between 100 eV and 25 meV, slowing down on heavy water molecules, n � 92. Further
slowing down of neutrons of 25 meV to 2 meV happens in solid D2 and requires about n �
4 single collisions.

While considering the moderator material one needs to take into account how often
the neutrons will collide with the atoms of the moderator and also what is the probability
for a neutron to be captured by the nucleus. Those two processes are described by the
scattering Σs and absorption Σa cross section, respectively. Combining the parameter ξ
with the macroscopic scattering and absorption cross section leads to the quantity called
moderating ratio ξΣs/Σa, which is the best measure of the moderating properties of the
material.

In the infinite, non-absorbing medium neutrons come into an equilibrium with the
thermal motion of the scattering atoms and the neutron flux has a Maxwell distribution
of energies Φ(E) ∼ E exp (−E/kBT ) where T is the temperature of the moderator and
kB = 8.6 × 10−5eV/K is the Boltzmann constant. The differential scattering cross section
σs(E0 → E) in a state of true thermodynamic equilibrium follows the principle of detailed
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balance known from the statistical physics:

E0 exp
(
− E0

kBT

)
σs(E0 → E) = E exp

(
− E

kBT

)
σs(E → E0) (3.8)

which says that in equilibrium, as many neutrons make transitions from the energy E to
the energy E0 as make transitions from the energy E0 to the energy E.

The differential scattering cross section σs(E0 → E) for an ideal, monoatomic gas
consisting of atoms of mass M ≈ Amn and energy independent scattering cross section σsf

can be calculated with the help of the laws of elastic collisions derived above. Following
[50] the scattering cross section for processes in which a neutron of velocity1 v0 is scattered
into the velocity interval (v, v + dv) is:

σs(v0 → v)dv =
1

2v0

∫ ∞

0
dV

∫ +1

−1
vrel dμ σsf P (V ) f(v → v0)dv (3.9)

where μ = cos θ is the cosine of the scattering angle in the laboratory system, V is the
velocity of gas atoms which obeys the Maxwell-Boltzmann velocity distribution:

P (V )dV =
(

4√
π

) (
M

2kBT

) 3
2

V 2 exp−MV 2

2kBT
dV (3.10)

The neutron velocity in the laboratory system after the collision is given by:

v =

√
v2
m +

(
A

A + 1

)2

v2
rel + 2vm

A

A + 1
vrel cos ψ (3.11)

where vm is the velocity of the neutron in the neutron - gas atom center-of-mass system:

vm =

√
v2
0 + A2V 2 + 2Av0V μ

A + 1
(3.12)

and vrel is the relative velocity in the laboratory system:

vrel =
√

v2
0 + V 2 − 2v0V cosψ (3.13)

here ψ is the scattering angle in the center-of-mass system. The probability f(v0 → v) that
the neutron falls into the velocity interval (v, v + dv) after the collision is given by:

f(v0 → v) =

⎧⎪⎪⎨
⎪⎪⎩

0 v < vmin
2v

v2
max − v2

min

vmin < v < vmax

0 v > vmax

1In the laboratory system
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By setting η =
A + 1
2
√

A
, ρ =

A − 1
2
√

A
and carrying out the integration over v, σs(E0 → E)

becomes:

σs(E0 → E) =
η2

2
σsf

E0
exp (E0/kBT )

{
exp (E/kBT )erf

[
η

√
E0

kBT
− ρ

√
E

kBT

]
+

+ exp (−E0/kBT )erf

[
η

√
E

kBT
− ρ

√
E0

kBT

]
−

∣∣∣∣∣exp (−E/kBT )erf

[
η

√
E0

kBT
+ ρ

√
E

kBT

]
+

− exp (−E0/kBT )erf

[
η

√
E

kBT
+ ρ

√
E0

kBT

]∣∣∣∣∣
}

(3.14)

The formula 3.14 can be now applied for solid deuterium moderator (A = 2, T = 8K). In
Figure 3.2, σs(E0 → E)E0(1 − α)/σsf is plotted as a function of E/E0 for two cases : for
thermal neutrons with the average energy of about 25 meV (E0 = 36 kBT) and for cold
neutrons with the average energy 2 meV (E0 = 3 kBT). By looking at the plots, one can
see that at lower neutrons energies i.e. for cold neutrons, collisions in which neutrons gain
energy become possible. This simple model shows the influence of the thermal motion of
moderator atoms on the neutron scattering but it doesn’t take into account neither the
’internal’ degrees of freedom of the scatterer nor the bindings between the scattering atoms
which become important at smaller neutron energies.
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Figure 3.2: The differential scattering cross section of a gas of D2 molecules, simplified
model of scattering of thermal (red, dashed curve) and cold (black, dotted curve) neutrons
on a hypothetic gas of D2 molecules at T = 8 K, taking into account only the thermal
motion of the molecules.



Chapter 4

Experiment

Our investigations of UCN production started in the summer 2004 at the Swiss Spallation
Neutron Source (SINQ) at PSI, using the polarized CN beamline for fundamental physics
(FUNSPIN). Two experiments based on the same concept of measuring UCN produced
from the CN beam were performed.

The first experiment took 10 days of beam time during which we successfully measured
the absolute UCN production cross sections in gaseous, liquid and solid D2 [2] and the
temperature dependence of the UCN production in sD2. Additionally the polarization of
UCN produced from polarized CN in sD2 was measured (see appendix A) .

The second experiment was conducted in autumn 2005 at the same beamline. During
5 weeks of beam time we have measured the production of UCN from the CN beam in D2,
O2 and CD4 as well as the CN transmission through all three materials [3]. Moreover, in
order to understand underlying processes of the UCN production in gaseous and solid D2

the CN energy dependent UCN production was measured [4].

4.1 Setup

The idea of the experiment is simple; cold neutrons arrive via a “flight tube” (1 in Fig-
ure 4.1) to the target cell (2), the CN and UCN leaving the cell are measured by a detector
system. The target cell is mounted on a cryostat and can be filled with D2, O2 or CD4, as
appropriate, in the temperature range between 8K and room temperature. The CN interact
with the material in the cell and some of them get downscattered to UCN energies. Both,
the CN and UCN enter the guide system following the target cell and after roughly 0.6 m
UCN are separated from CN by a mirror (3) which is usually a silicon wafer coated with
UCN reflecting material with high Fermi potential VF

1 (see Figure 4.4). UCN are reflected
upwards by this mirror and after 1 m are again reflected by a second mirror (4) into a
horizontal guide section. This section consists of a storage tube (6) and two UCN shutters:
the entrance shutter (5) and the exit shutter (7).The UCN that passed the storage tube
are later detected by the 3He UCN detector (8). The assembly of items 5-8 is rotated by

1The Fermi potential is a coherent strong interaction potential describing the interaction of neutrons at
material surface, see [76]
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Figure 4.1: A 3D view of the experimental setup.1-CN “flight tube”, 2- cryostat with the
target cell, 3 & 4-UCN reflecting mirrors, 5-entrance UCN shutter, 6-storage tube, 7-exit
UCN shutter, 8-UCN detector, 9-CN chopper, 10-CN TOF tube, 11-CN detector. For the
CN transmission and UCN production measurements we have used the full CN beam. For
the CN energy dependent UCN production measurements, a velocity selector was mounted
upstream of the cryostat.

Figure 4.2: A photograph of the experimental setup. Top view. The numbers which describe
the parts of the setup are the same as above, in Figure 4.1, additionally: 12-velocity selector
mounted in front of the cryostat (see also Figure 4.5), 13-gas system (see also Figures 4.8
and 4.9), 14-He dewar connected via transfer line to the cryostat.
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Figure 4.3: A photograph of part of the experimental setup, side view. The cold neutron
beam from the SINQ source comes from the left and is collimated (40 mm) over a length
of about 1.5 m before hitting the target cell, which sits behind a 38 mm aperture. The
cell with the UCN converter under investigation is mounted on the cryostat and allows it
to be cooled down to 8 K. The Helmholtz coils around the cryostat, the CN coil and coil
surrounding the neutron guide generate the magnetic field of about 10 Gauss strength for
guiding the neutron spin (see Appendix A)
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Figure 4.4: The UCN reflecting mirror, the Fe coated sillicon wafer mounted on the Al
support.

90 degrees around the vertical guide so that the UCN detector is moved out of the CN
beam axis. The CN are transmitted through the lower mirror (3) and then pass through a
chopper (9), enter the time of flight tube (10), and are detected in the CN detector (11).

Below, some parts of the experimental setup are described.

4.1.1 CN Beam without Velocity Selector

CN enter the experiment through a 40 mm long, 42 mm diameter Pb collimator, clad with
a 1 mm thick layer of 6LiF polymer, and a pneumatically driven rotating shutter. After
the shutter, the neutrons enter a vacuum flight tube through a 100 μm Zr window. The
final collimation of the CN beam is set up with two elements: (i) a 42 mm aperture Cd-Pb
sandwich in front of the cryostat and (ii) a 38 mm aperture Cd element which defines the
final beam spot and is mounted on the 80 K thermal shield of the target cell.

4.1.2 Velocity Selector

The mechanical velocity selector [72, 73] is mounted between the exit of the neutron channel
at FUNSPIN and the cryostat (see Figure 4.5). It consists of a horizontal rotating cylindrical
drum, driven by an electrical motor and made of a series of Gd2O3

2 coated blades placed

2Gadolinium has a high absorption cross section of 49700 barn at 2200 m/s.
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Figure 4.5: The picture shows velocity selector (1) mounted in front of the cryostat (2)

in the steel housing which is mounted on the rotating table. The blades form narrow slits
through which the neutrons pass [72]. The rotating table allows to tilt the axis of rotation
relative to the neutron beam. By changing the tilt angle of the velocity selector and its
rotation frequencies, different parts of the velocity spectra of the CN beam can be chosen
covering the full spectrum. Depending on the specific settings of the VS (i.e. rotation
frequency and tilt angle), velocity resolutions of about 20% were achieved, measured with
neutron TOF (1 - 5% resolution). The corresponding energy spectra for the selected bins
are displayed in Figure B.1 in Appendix B.

4.1.3 The Target Cell

The target cell (see Figure 4.6) is made from an aluminum alloy AlMgSi1 and has four
windows: two optical windows and two windows for neutrons. The optical windows, made
from sapphire, serve for optical investigation of the crystal and for Raman spectroscopy
(see section 4.1.4). The neutron windows, made from AlMg3, are 0.15 mm thick and have
40 mm diameter. The entrance window of the target cell is Ni coated on the inside for
UCN reflection. The distance between the entrance and exit window is 40 mm. The cell is
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mounted on a helium flow cryostat 3 (see Figure 4.7) and connected to the gas system (see
Figure 4.9, Figure 4.8 and [74]) with a total volume of about 80 dm3. Following the cell, a
short section of 45 mm inner diameter UCN guide (Ni-coated Al) starts 0.5 mm after the
neutron exit window, and ends 0.5 mm in front of a 16 μm Al foil separating the cryostat
and external UCN guide vacuum.

4.1.4 The Raman Spectroscopy

The system which is used for Raman spectroscopy consists of three main parts: the argon-
ion-laser, the Raman head, and the Raman spectrometer. A detailed description of the
setup and method of the data analysis can be found in [74]. Raman spectroscopy is used to
investigate the ratio c0 of ortho-D2 to para-D2 as well as the crystal structure. Hydrogen
contaminations in form of HD or H2 can also be measured. Figure 4.10 shows spectrum of
rotational excitations for liquid ortho-deuterium with c0 = (98.7 ± 0.2)%. The ortho-D2

concentration c0 is calculated from the intensity ratio of the Raman lines for the J = 0
→ 2 and J = 1 → 3 rotational transitions (lines S0(0) and S0(1) respectively) taking into
account the proper transition matrix elements4.

c0 =
5/3Ipara

Iortho + 5/3Ipara
(4.1)

where Ipara and Iortho are the integrals over the fitted para and ortho lines, respectively.
Figure 4.11 shows the Raman signal for solid ortho-deuterium at temperature of 18 K. The
S0(0) line is split into a triplet which is a signature of the hcp structure of the crystal [75].
The hcp symmetry of deuterium crystal makes the J = 2 level form three energy bands
belonging to m = ± 1 (α) m = ± 2 (β) and m = 0 (γ). Change of the S0 line shape with
crystal temperature is shown in Figure 5.5 With the same setup for Raman spectroscopy
it is also possible to study the C-D stretch vibrations in the CD4 crystals. The Raman
spectra of solid CD4 are shown in the Figure 5.10

4.1.5 UCN Detection System

The UCN detection system starts with the reflecting mirror, placed at the end of the first
UCN guide5, approximately 0.6 m after the target cell. During the first experiment we have
used Fe coated Si wafer (see below), and during the second experiment we have used Ni
coated Si wafer, and later, DLC coated Al-foil. The reason for using different mirrors was
because of the measurements of UCN polarization (see below and appendix A). The Fermi
potential of the mirrors has been measured by means of cold neutron reflectometry which
measures the Fermi potential by observing the critical reflection angle for a sample surface

3The cryostat is designed to obtain temperatures down to 8 K in the target cell
4To describe the rotational transitions induced by the photons, one has to change from the product basis

of the single angular momenta to the common basis of the total angular momenta. This basis change is
given by the Clebsch-Gordan coefficients

p
5/3 and 1.

5All the UCN guide system has a 56 mm inner diameter and is made from stainless steel chemically coated
with Ni; the nickel layers made by this process contain several percent of phosphorus and are nonmagnetic.
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Figure 4.6: A photograph of the target cell mounted on the cryostat and a schema of the
cell with a copper support. Numbers denote the following parts: 1 - the capillaries, through
which D2, O2 and CD4 were transported to the cell; the cell has two capillaries, the shorter
one, used during freezing from the liquid phase, and the longer one (the end of this one is
visible inside the cell) used during freezing from the gas phase; 2 - the copper rod connecting
the cell to the bottom of the He flow cryostat; 3 - the temperature sensor; 4 - the copper
wire connecting the cold finger with the capillary; 5 - the copper clamp holding the cell; 6
- the bottom of the cell; 7 - the heater.

Figure 4.7: A photograph of the cryostat with target cell mounted. The capillaries (1) are
wrapped around the cryostat.
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Figure 4.8: Front view of the gas system of the UCN production experiment.

Figure 4.9: Rear view of the gas system. In the middle one can see the ortho/para converter.
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Figure 4.10: A Raman spectrum of liquid ortho-D2 ((98.7 ± 0.2)%). The Ar II (493.3 nm)
line, seen in the figure, is produced by the laser.

Figure 4.11: A Raman spectrum of solid ortho-deuterium at 18K.
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[76].
The next part of the UCN detection system is the vertical UCN guide which ends with

the second UCN mirror (Ni coated Si wafer) after approximately 1 m. The UCN lose 100
neV of its energy on the way up due to gravity. Afterwards the UCN enter a storage bottle
made of Be-coated quartz6 which can store neutrons up to about 250 neV. The bottle is
equipped with two pneumatically driven shutters so that it can be opened and closed at
either end (see Figure 4.12). The shutters consist of a 15 mm thick sliding plastic sheet
between stainless steel plates. In the open position, a 15 mm long piece of UCN guide tube
is moved into the neutron path, in the closed position, the shutter is the lid of the neutron
bottle and the inner side is covered with (i) 100 μm PET foil coated with DLC (shutter on
the entrance side of the storage bottle), (ii) 100 μm Al foil coated with DLC (exit shutter).
The second shutter, on the exit side, connects via a bend and another 80 cm long guide
to the UCN detector. The detector is a gas counter7 with 18 hPa 3He and 10 hPa CO2 in
about 1100 hPa Ar; it is well shielded with a layer of Cd close to the detector and the final
UCN guide, layers of borated plastic, and more then 0.5 m paraffin blocks.

Fe Magnetic Mirror and Fe-Analyser

During both UCN production experiments, the conservation of the neutron polarization
was investigated (see appendix A). The polarization of UCN in the first experiment was
analyzed using a magnetized mirror (10 cm diameter Si wafer with 110 nm Fe sputtered
onto it). An arrangement of permanent magnets and a return yoke on the back of the
mirror allowed it to be fully magnetized in its central region with some imperfections at
the edges. The Fe-analyser was designed to investigate the polarization of UCN during the
second UCN production experiment in 2005. It consists of Fe-coated Si-waver (200 nm of
Fe layer sputtered on 105 μm Si-waver) mounted inside the vertical UCN guide, 300 mm
from the lower mirror and 505 mm from the upper mirror. The magnetic field needed to
fully magnetize the iron was created by permanent magnets with the field strength around
200 Gauss. Both configurations (magnetized mirror and Fe-analyser) were checked using
the polarization option of the neutron reflectometer AMOR at SINQ [77].

4.1.6 CN Detection System

Cold neutrons to reach the TOF system first pass through the mirror and a 10 mm hole
in the 6LiF beam dump (see Figures 4.14, 4.15, 4.16), 100 μm Al vacuum window (see 1
in Figure 4.17) and a one-disc-one-slit chopper placed 220 mm futher downstream. The
chopper is operated in air at the rotation frequency of 25 Hz with about 1/300 open to close
ratio. The CN packets created by the chopper subsequently pass through the He flushed
flight tube of 2640 mm length with 16 μm Al entrance and exit windows and are detected
in a ’thin’ CN detector (the same as used in [78]). ’Thin’ refers to a small amount of 3He in
the counting gas which should result in a 1/v dependence of the detector efficiency on CN
velocity v. The 1/v dependence for detector efficiency is discussed in the appendix B. The

6The Be-coated tube was obtained from the Petersburg Nuclear Physics Institute, Gatchina, Russia.
7The UCN detector was obtained from the Joint Institute for Nuclear Research, Dubna, Russia.
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Figure 4.12: Building the Al support for the storage bottle and connecting the shutters.

Figure 4.13: The Storage bottle mounted in the UCN detection system.
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TOF system was used to monitor the CN beam intensity and spectrum. It also allowed
measurements of the energy dependent CN attenuation for various target conditions from
which one can calculate total scattering cross sections (see section 4.3.2).

4.2 Preparation of the Samples - Freezing Methods

The cell is designed in such a way that the crystals can be frozen from the liquid or
gaseous phase. A high-resolution digital camera mounted close to one of the optical windows
monitors the process of growing crystals. The gases D2, O2 and CD4 are kept in storage
containers, connected to the gas system. The tubing of the gas system is made from stainless
steel (4 mm ID) in most parts and uses standard stainless steel Swagelok connectors and
bellow valves (Figure 4.8, Figure 4.9). The gas passes via the gas system to the cryostat
and is subsequently liquefied or solidified in the target cell. The crystals of deuterium and
oxygen were frozen both from the liquid and gaseous phase, solid heavy methane was frozen
only from the liquid phase.

4.2.1 Freezing from Liquid

In case of deuterium the process of freezing is carried out at a temperature close to the triple
point (18.7 K) and takes usually about 12 h. The crystal obtained under these conditions is
fully transparent and clear (see Figure 4.21). A detailed description of the freezing process
can be found in [79]. Solid oxygen crystals are frozen to the γ phase at a temperature of
54K during 8 hours resulting in transparent crystals. The crystals of CD4 are prepared at
90 K.

4.2.2 Freezing from Gas

The procedure of freezing solid deuterium from the gas phase takes usually about 20 hours
and is shown in the Figure 4.18. The D2 crystals grown under those condition are rather
opaque (see Figure 4.19 and Figure 4.21), however, the annealing procedure, i.e. keeping the
crystal at one stable temperature for about 12 hours, can improve the crystal transparency.
Figure 4.20 shows the annealing process of a crystal.

In case of oxygen we have tested two methods of freezing the crystals directly from
gas phase. One technique is to grow the crystal to the α-phase of solid oxygen8. The
temperature of the cell has to be kept below 20K while the temperature of the capillary
(see Figure 4.6), in order to keep oxygen in the gas phase, must be above 90K. The freezing
process takes approximately 24 hours. The resulting crystal was opaque and milky. After
the crystal was ready we have gradually increased the temperature. The second crystal
was frozen to the γ-phase of solid oxygen. The temperature of the capillary has been kept
above 90K and the temperature of the cell around 54K.

8However, it is not evident that we actually manage to freeze the crystal directly to the α-phase because
the vapour pressure was much bigger than one expects from solid O2 at 20K. It is possible that during this
freezing process the crystal goes through the liquid or one of the high temperature phases.
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Figure 4.14: The beam dump made of 6LiF with aproximatelly 10 mm hole and an Al
flange used for mounting the beam dump.

Figure 4.15: The 6LiF beam dump mounted on the flange.
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Figure 4.16: Mounting of the beam dump behind the lower UCN reflecting mirror.

Figure 4.17: The mounted flange with the beam dump and an Al vacuum window through
which CN pass to enter the TOF system (1) and the UCN detector placed on the Al support
(2).
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Figure 4.18: The process of growing the crystal from the gas phase is shown and described.
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Figure 4.19: On the left side photo, the D2 crystal at 8K grown from the gas phase in white
light (the light is coming from the torch placed on the oposite side of the cell ). The photo
on the right side shows the same D2 crystal at 8K, but illuminated by the blue Ar ion laser
used for Raman spectroscopy.
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Figure 4.20: The annealing effect: while holding the crystal at the fixed temperature (here
12K) the crystal becomes more transparent for the laser light.

Figure 4.21: The comparison of the transparencies of a crystal grown from the liquid (at
18K, two pictures on the left) and grown from the gas phase (at 12K, two pictures on the
right).
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Figure 4.22: The growing of the CD4 at 89K was more complicated than in the case of
D2. As shown in these pictures different structures were observed in the crystals,probably
empty spaces.

Figure 4.23: The pictures of solid CD4 at 22K, with different illumination and focus, showing
the crystal structure.
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Figure 4.24: Solid O2 at different temperatures. From left : O2 during solidification at
50K, at 43K, at 8K illuminated with white and laser light.
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4.3 The Measurements

The monitoring of the experiment is done by means of (i) the slow control system which
registers the temperatures and pressures on the system, (ii) the DAQ system which records
the data from both (UCN and CN) neutron detectors, from the proton beam counter, and
it also monitors the status of the shutters. The details of the slow control system can be
found in [80]. The DAQ system consists of (i) digital and analog DAQ controlled by the
PCI cards and Labview programm, and (ii) time-of-flight DAQ. Additionally, to monitor
the neutron detectors and proton beam, we have used the Borex scaler.

4.3.1 UCN Production

The experiment may be run in two ways: “storage” mode (SM) and “flow-through” mode
(FM). In the storage mode, the UCN bottle (see 6 in Figure 4.1 and Figure 4.13) is filled
to equilibrium. At the start of the measurement, it is open to the solid deuterium target 9

(the entrance UCN shutter open, the exit UCN shutter closed; see 5 and 6 in Figure 4.1).
After a suitable time interval that allows UCN in the bottle to reach equilibrium density,
the entrance UCN shutter is closed. After a few more seconds (enough time to let the non-
UCN leave the bottle), the number of neutrons inside the bottle are counted by opening the
exit shutter and letting them reach the UCN detector (see 2 in Figure 4.17). This method
gives a direct and unbiased measurement of the UCN produced by the system. It was used
during both of the experiments, the results are shown in the Figures 6.1, 6.2, 6.3, 6.4 and
discussed in chapter 6.

In the flow-through mode the UCN spectrum passed is slightly wider than that in the
Be storage bottle (critical velocity 6.9 m/s) but can be related to it by calculation. In this
method, all shutters are open and the guide system following the target acts as a UCN
spectrometer. This mode is preferred method of making (i) the integral UCN production
cross section measurements in gaseous, liquid, and solid deuterium [2], (ii) the cold neutron
energy dependent UCN production measurements in solid and gaseous deuterium [4], (iii)
the UCN production measuremets for comparison of the efficiency of moderator materials:
deuterium, oxygen, and heavy methane.

9Storage measurements were done only with solid deuterium
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4.3.2 CN Transmission

The neutron total cross section was evaluated from the neutron beam attenuation in the
measured sample. The neutron count-rate N0 has been measured for the beam passing
through an empty target cell and the neutron count-rate N1 for the beam passing through
the target cell filled with deuterium, oxygen, or heavy methane. These count-rates are
related through:

N1 = N0 exp (−ρσtotl) (4.2)

where ρ is the density of the sample, l is the length of the cell, and σtot is the total cross
section. This method of determination of the total cross section assumes that the scattered
neutrons do not reach the detector10.

The raw time-of-flight spectrum is divided into 512 channels of 0.04 ms width each, with
a time interval of 20.48 ms between each spectra. To obtain the total cross section, the
TOF spectra for an empty and full cell are first background subtracted; as a background
we take the average background of the first 10 and last 10 time bins.

10In order that Eq. 4.2 apply rigorously, scattered neutrons must not reach the detector i. e. the
experiments must be carried out with a proper geometry which is best achieved by locating the detector as
far as possible and by making the detector and the sample small. In our case the detector solid angle is
about 10−4.



Chapter 5

The Detailed Treatement of
Neutron Scattering

The following topics in this chapter are presented, based on the deuterium example: (i) the
theoretical models of a molecule and crystal lattice, (ii) the formalism of neutron scattering
in gas and solid, and (iii) experimental verification of the described models. Some theoret-
ical information and experimental results concerning oxygen and heavy methane are also
included.

Neutron scattering in gas is presented using the language of quantum mechanics which
describes the system in terms of linear operators in a Hilbert space (an example of this oper-
ator technique is described for instance in [81]) instead of the classical dynamical variables
which are pure numbers. In particular, one replaces position coordinates q and momentum
coordinates p by the operators q̂ and p̂, respectively. Neutron scattering on the lattice
employs the formalism of field quantization, i.e. the operators q̂ and p̂ are represented by
the so-called ladder operators or raising and lowering operators of the harmonic oscillator
which serve to raise or lower the number of excitation quanta called phonons [5].

5.1 The Molecule

Molecular energy states arise from the rotation of a molecule as a whole and from the
vibration of its constituent atoms relative to one another as well as from changes in its
electronic configuration. In the theory of diatomic molecules [82] the total wave function
Ψ(ri,Rk) of the molecule in the adiabatic approximation1 can be written as a product
of the nuclear wave function Ψn(Rk) (which depends on the position of nuclei Q) and
the electronic wave function Ψe(ri,Rk) (which depends on the position of the electrons at
arbitrary but fixed nuclear position):

Ψ(ri,Rk) = Ψn(Rk) ∗ Ψe(ri,Rk) (5.1)

1Adiabatic approximation implies that nuclear and electronic motion are independent.
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The nuclear wave function Ψn(Rk) can be expressed in the following form:

Ψn(Rk) = ΨvibΨrot (5.2)

The total energy E is the sum of the energy of the rigid molecule in the n-th electronic
state and the kinetic energy of the nuclei due to their vibration and rotation:

E = Eel + Erot + Evib (5.3)

The lowest electronic state of a molecule is called the ground state. Energies needed to
excite the higher electronic levels are in the range from few eV to 102 - 103 eV and thus
the electronic excitation can be neglected while considering cold neutron scattering 2.

At this point, it is worth noting the difference between deuterium and oxygen molecules.
The ground state of the deuterium molecule has a total spin of all electrons Se = 0 while
the oxygen molecule is one of the few diatomic molecules that have a total spin Se = 1 in
their ground state, which makes the O2 molecule a magnetic system.

The energy of the vibrational levels of diatomic molecules can be approximated by the
energy levels of the harmonic oscillator,

Evib =
(

υ +
1
2

)
hν0 (5.4)

where υ is the vibrational quantum number and ν0 is the frequency of vibration. The
separation between the vibrational energy levels is typically on the level of 0.1 eV and at
room temperature (E = 3/2kT ), most of the molecules exist in the υ = 0 state. The cold
neutron energies are not sufficient to excite higher vibrational states, and thus in the further
consideration, the vibrational excitation will be neglected.

In the linear rigid rotor model, the rotational energy spectrum of the nuclei of diatomic
molecules with the moment of interia:

B = mR2 (5.5)

where m is the mass of a nucleus and R is the distance between the two nuclei, is given by:

Erot = EJ =
h̄2

2B
J(J + 1) (5.6)

where J is the rotational quantum number. While considering the rotational structure
of homonuclear molecules such as D2, one needs to take into account the influence of the
nuclear spin on the symmetry of the overall wave function of the molecular state, which is
the product of the spatial function (including rotations) and the spin functions [84]. This
is due to the spin-statistics theorem by Fierz [85] and Pauli [86] , according to which the
overall wave function of fermions (bosons) must be antisymmetric (symmetric) with respect
to exchange of the particles. The molecule of deuterium is a compound of two deuterons,

2The electronic excitations can be induced by neutron interactions through a direct magnetic interaction
or through the disturbance of the molecule resulting from the neutron collision with one of the nuclei of the
molecule [83]
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nuclear bosons, with nuclear spin 1. The combination of the deuteron spins gives three
possibilities for the total nuclear spin S = 0, 1, 2. The symmetry requirements divide the
states of D2 into ortho-levels, those possessing even total nuclear spin S = 0 and 2 and
even rotational angular momenta J = 0, 2, 4,..., and para-levels, those with odd quantum
numbers (S = 1;J = 1, 3, 5, ...). The population of a state, NJ , with the rotation quantum
number J follows the Boltzmann distribution:

NJ

N0
= (2J + 1) exp

(
− EJ

kBT

)
(5.7)

where
EJ = 3.75J(J + 1)meV (5.8)

is the energy of the rotational level J 3, the 2J + 1 is the rotational degeneracy factor and
T is the temperature of the system.

At room temperature the equilibrium ratio of ortho-D2 to para-D2 is 2:1. The transitions
between rotational states with even and odd values of J require a change in the relative
orientation of the nuclear spins. Transitions of the kind ΔJ = ±1,±3, ...,ΔS = ±1 are
called conversion processes, and the resulting transformation of the two species into each
other is called ortho-para conversion [75]. Higher ortho-D2 concentrations up to 98.5% or
even larger can be achieved by using ortho-para converters [74].

5.2 Neutron Scattering by Gas D2

The description of neutron scattering by an assembly of particles takes into account the
molecular energy states (rotations, vibrations), the spin correlations between neutron and
molecule, and applies the methods of statistical mechanics to determine how a total fixed
amount of energy is distributed among various members of an assembly. The first complete
theoretical treatment of thermal neutron scattering by the hydrogen molecule was made by
Schwinger and Teller [87] in connection with the experimental determination of the range
and spin dependence of the neutron-proton interaction. In their paper they follow the
mathematical formulation of the neutron scattering by the hydrogen molecule utilized by
Fermi [88] where the short range potentials are replaced by point interactions (represented
by the three-dimensional Dirac δ-functions). This work was extended by Hamermesh and
Schwinger [89, 90] to the deuterium molecule so that similar information could be obtained
about the neutron-deuteron interaction. As a matter of fact, this set of papers led to the
conclusion that the neutron spin is 1/2.

The effective potential between a neutron at rn and a proton at rp using the first Born
approximation is:

−4πh̄

m
a δ(rn − rp) (5.9)

where m is the neutron mass and a is the bound scattering length. The further extension
of this idea4 leads to an interaction which differs in the singlet state (proton and neutron

3According to the formulas 5.5 and 5.6 and using for the deuterium molecule the values m = 3.75 GeV and
R = 0.37 Å

4To include the spin dependence of the neutron-proton interaction.
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spins anti-parallel) from that in the triplet state (spins parallel) by quantization i.e. by
replacing a in the formula 5.9 by the following operator:

1
2

a1 (1 + Q) +
1
2

a0 (1 − Q) (5.10)

where a1 and a0 are the eigenvalues for the triplet and singlet states, respectively. The
operator Q has the eigenvalues +1 for the triplet state and -1 for the singlet state and can
be expressed algebraically in terms of σσσn and σσσp, the Pauli matrices of the neutron and the
proton:

Q =
1
2

(1 + σσσn ·σσσp) (5.11)

The formula 5.9 is then replaced by

−πh̄

m
(3 a1 + a0 + (a1 − a0) σσσn ·σσσp) δ(rrrn − rrrp) (5.12)

Taking into account two protons in the H2 molecule and representing the proton spin
matrices by σ1 and σ2 respectively, the effective potential for the molecule is given by 5.12:[

−πh̄

m
(3 a1 + a0 + (a1 − a0) σσσn ·σσσ1) δ(rrrn − rrr1)

]
+[

−πh̄

m
(3 a1 + a0 + (a1 − a0) σσσn ·σσσ2) δ(rrrn − rrr2)

]
(5.13)

Expression 5.13 may be rewritten in two parts; a symmetrical part which is responsible for
the transitions were the nucleus spin doesn’t change i.e. ortho→ortho and para→ para-
transitions, and an antisymmetric part that induces spin changes, that is ortho→para and
para→ortho-transitions:[

−πh̄

m
(3 a1 + a0 + (a1 − a0) σσσn ·SSS) × (δ(rrrn − rrr1) + δ(rrrn − rrr2))

]
+[

−πh̄

m
(a1 − a0) σσσn · (σσσ1 − σσσ2) × (δ(rrrn − rrr1) − δ(rrrn − rrr2))

]
(5.14)

where
S =

1
2
(σσσ1 + σσσ2) (5.15)

represents the total spin angular momentum of the hydrogen molecule.
In analogy to 5.14 the interaction between neutron and the two deuterons in the D2

molecule is expressed by:

U =
[
−πh̄

m
(2 a3/2 + a1/2 + (a3/2 − a1/2) σσσn ·SSS) × (δ(rrrn − rrr1) + δ(rrrn − rrr2))

]
+[

−πh̄

m
(a3/2 − a1/2) σσσn · (SSS1 −SSS2) × (δ(rrrn − rrr1) − δ(rrrn − rrr2))

]
(5.16)
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where now
SSS = SSS1 + SSS2 (5.17)

represents the total spin of the deuterium molecule and aS±1/2 are the amplitudes of the
scattered waves for the two total spin states of the neutron-deuteron system.

We consider a collision between a neutron and a molecule in which the neutron momen-
tum changes from ppp0 to ppp, while the molecule simultaneously undergoes a transition between
the initial state, specified by the momentum −ppp0 and by the vibrational, rotational, and
spin quantum numbers υ, J, S, and the final state characterized by −ppp, υ′, J ′, S′. The wave
function of the initial ψi and final state ψf for a large box of volume V are:

ψi =
1√
V

exp
(

i

h̄
ppp0 ·rrrn

)
χm

1√
V

exp
(
− i

h̄
ppp0 · (rrr1 + rrr2)

2

)
·Φ υ,J,mJ

(rrr1 − rrr2) χ S,mS
(5.18)

ψf =
1√
V

exp
(

i

h̄
ppp ·rrrn

)
χm′

1√
V

exp
(
− i

h̄
ppp · (rrr1 + rrr2)

2

)
·Φ υ′,J ′,m′J (rrr1 − rrr2) χ S′,m′S (5.19)

where
1√
V

exp
(

i
h̄ ppp0 ·rrrn

)
is the wave function of a free neutron with momentum ppp0, χm is

the eigenfunction of the z-component of the neutron spin corresponding to the eigenvalue

m,
1√
V

exp
(
− i

h̄ ppp0 · (rrr1 + rrr2)
2

)
is the wave function that describes the motion of the center

of gravity of the deuterium molecule with momentum − ppp0, Φ υ,J,mJ
(rrr1 − rrr2) is the wave

function of the relative motion of the two deuterons in a state with vibrational quantum
number υ, rotational quantum number J and magnetic quantum number mJ and χ S,mS

is
the eigenfunction of the deuteron spins corresponding to a resultant spin angular momentum
S and an eigenvalue of the z-component of the total spin equal to mS . The transition
probability from the initial state to the final state is given by the Fermi golden rule:

2π

h̄
| < ψf | U | ψi > |2 ρE (5.20)

where U refers to 5.16 and ρE represents the number of neutron momentum states per
unit range of the total final energy. The total final energy E is the sum of the neutron
energy and the internal energy of the molecule EJ,υ and taking into account the energy
conservation law is equal to:

E =
5

8M
(ppp0)2 + E J,υ =

5
8M

ppp2 + E J ′,υ′ (5.21)

where ppp0 is the momentum in the CM system and is related to pppL
0 , the initial neutron

momentum in the L system (in which the molecule is initially at rest), by:

ppp0 =
4
5
pppL

0 (5.22)
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The density of final states is given by:

ρE =
V

8π3h̄3

dppp

dE
(5.23)

writing the element dppp in spherical coordinates:

dppp = p2dΩdp (5.24)

and
dE =

5p

4M
dp (5.25)

so that
ρE =

V Mp

10π3h̄3 dΩ (5.26)

Combining the formulae, including the summation over all values m′,m′
J ,m′

S and average
with respect to m,mJ ,mS the transition probability 5.20 becomes:

1
2(2S + 1)(2J + 1)

∑
m′,m′J ,m′S

∑
m,mJ ,mS

| < ψf | U | ψi > |2 V Mp

10π2h̄4 (5.27)

The differential cross section for scattering of a neutron through an angle Θ into the solid
angle dΩ with excitation of the molecule from the state J, υ, S to the state J ′, υ′, S′ in the
CM system, is obtained by dividing 5.27 by the incident flux of neutrons relative to the
deuterium molecule (5p0/4MV ):

σ J ′,υ′,S′;J,υ,S(Θ)dΩ =
16
25

p

p0

1
2(2S + 1)(2J + 1)

·
∑

m′,m′J ,m′S

∑
m,mJ ,mS

∣∣∣∣< ψf |
(

V M

2πh̄2

)
U | ψi >

∣∣∣∣
2

(5.28)

The formula 5.28 can be divided into two parts; in the first part we consider the transitions
in which the molecular spin is unchanged i.e. S = S′:

σ J ′,υ′,S′;J,υ,S(Θ)dΩ =
16
25

p

p0

[
(2 a3/2 + a1/2)

2 +
1
4

(a3/2 − a1/2)
2 S(S + 1)

]

· 1
2J + 1

∑
mJ ,m′J

∣∣∣∣
∫

cos
(

(ppp0 − ppp) ·rrr
2h̄

)
Φ∗υ′,J ′,m′J (rrr)Φ υ,J,mJ

(rrr) dτ

∣∣∣∣
2

dΩ (5.29)

the second part takes care of the transitions in which the molecular spin changes:

∑
S′ �=S

σ J ′,υ′,S′;J,υ,S(Θ)dΩ =
16
25

p

p0
(a3/2 − a1/2)

2 8 − S(S + 1)
4

1
2J + 1

∑
mJ ,m′J

∣∣∣∣
∫

sin
(

(ppp0 − ppp) ·rrr
2h̄

)
Φ∗υ′,J ′,m′J (rrr)Φ υ,J,mJ

(rrr) dτ

∣∣∣∣
2

dΩ (5.30)
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It is interesting to note that since Φ υ,J,mJ
(− rrr) = (−1)JΦ υ,J,mJ

(rrr), equation 5.29 gives
a non vanishing transition probability only if J and J ′ are both even or both odd, while
equation 5.30 implies the even-odd and odd-even transitions in the rotational number J .

In the last step, the evaluation of the cross section formula for neutron and molecular
velocities of comparable magnitudes takes into account not a particular molecule but the
whole assembly of molecules and employs the methods of statistical mechanics. The target
molecules are in general in thermal equilibrium at a given temperature T rather than in
predetermined initial states. The quantity desired for the prediction of experimental cross
sections - the effective scattering cross section for a neutron velocity v, σ̄(v), is related to
the true cross section, σ(v), by:

vσ(v) =
∫

|vvv − uuu|σ(|vvv − uuu|)P (uuu)(duuu) =
∫

wσ(w)P (vvv + www)(dwww) (5.31)

where P (uuu) is the velocity distribution function of the target molecules. It should be noted
that equation 5.31 is only approximate as the translation motion needs to be incorporated
within the states and leads to appropriately modified versions of equations 2.17 and 2.18;
this calculation has been carried out by Young and Koppel [91, 92] for gas, but in the
energy region of interest here (see Figure 5.1) the difference is negligible. For gas, the
velocity distribution function P (uuu) is given by the Maxwell-Boltzmann distribution law
3.10 and equation 5.31 becomes:

σ̄(v) =
2
v2

(
2M

πkBT

) 1
2

exp
(
−2Mv2

kBT

) ∫ ∞

0
exp

(
−2Mw2

kBT

)
sinh

(
4Mvw

kBT

)
w2σ(w)dw

(5.32)

At this point is it worth discussing the effect of the motion of the target molecules with
respect to the different phases of matter as presented by Vineyard [93]. It is particularly
interesting since the aim of his work was to discover “simple formulas which approximate
the cross-sections reasonably well and depend on a small number of parameters having
physical meaning”. As the folding of σ(v) is made with the Maxwell-Boltzmann function,
the result 5.32 is limited to scattering by gas molecules. However, according to Vineyard,
things may not be so different for liquid and solid deuterium. Starting from the Van
Hove [94] correlation functions and proceeding in a classical manner Vineyard derived the
following relationships for the differential scattering cross sections (symbols are: kkk0 & kkk
for the incident and final neutron wave vector, E0 & E for the incident and final energies,
h̄ω = E0 − E for the energy loss by the neutron, acoh & ainc for the scattering lengths and
κ =

√
k2

0 + k2 − 2kk0 cos ϕ for the momentum transfer)

d2σcoh

dΩdE
=

acoh k

h k0
Γs(κκκ, ω)[1 + γ(κκκ)] (5.33)

d2σinc

dΩdE
=

ainc k

h k0
Γs(κκκ, ω) (5.34)
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where
Γs(κκκ, ω) =

∫ ∫
Gs(rrr, t) exp [i(κκκ ·rrr − ωt)] drrr dt (5.35)

is the double Fourier transform in position and time of the self correlation function, Gs(rrr, t)
which is a part of the Van Hove generalized pair correlation function G(rrr, t) 5 and describes
the probability of finding an atom at time t given the same atom was at the origin at t = 0,
i.e. the wandering of an atom away from an arbitrary initial position. Γs(κκκ, ω) describes
thus the spread of scattered energies caused by the motion of atoms. The form factor
present in the coherent cross section, [1+γ(κκκ)], where

γ(κκκ) =
∫

(g(rrr) − g0) exp (iκκκ ·rrr) drrr (5.36)

describes the interference effects arising from the correlations in atomic positions.The ex-
amples of Gs for different systems as given by Vineyard are shown in the table 5.1.

Table 5.1: The examples for Gs(rrr, 0) as given by Vineyard [93].

Model Gs(rrr, t)

Perfect gas
1

(
√

πv0|t|)3 exp
(
− rrr2

(v0t)2

)

Harmonic oscillatora
[

ω2
1

2πv2
0(1 − cos (ω1t))

] 3
2

exp
( −ω2

1rrr
2

2v2
0(1 − cos (ω1t))

)

Latticeb
[
πw2(t)

] 3
2 exp

( −rrr2

w2(t)

)

Diffusing atomc [4πDt]
3
2 exp

(−rrr2

4Dt

)

a Here ω1 represents the oscillator frequency.
b For the Debye model w2(t) = [12kT/(MωD)2][1 − sin (ωDt)/(ωDt)] where ωD is a

Debye frequency.
c Here D is the coefficient of self-diffusion.

5In case of systems composed of distinguishable particles the G function splits into a part Gs describing
the correlations between positions of one and the same particle at different times, and a part Gd referring
to pairs of distinct particles, for t = 0, Gs(rrr, 0) = δ(rrr) and Gd(rrr, 0) = g(rrr) where g(rrr) is a conventional pair
distribution function which describes the average density distribution.
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The experimental verification of the described Hamermesh-Schwinger (HS) and Young-
Koppel (YK) models was done by our UCN collaboration and is published [95]. The
measurements have been performed using cold neutrons at the SANS-I instrument [96] of
the SINQ facility at PSI and with VCN and UCN at the PF-2 instrument [97] of the Institute
Laue-Langevin (ILL). The total cross sections have been measured using the transmission
technique (see section 4.3.2) and calculated with the help of:

σ =
ln(N0/N1)

ρd
(5.37)

where N0 and N1 are the transmitted intensities for the empty and full sample cells, ρ
is the density and d is the thickness of the sample cell. In Figure 5.1 the results of the
measurements with ortho-D2 are shown together with the cross section calculated with the
YK and HS models. Both models are equivalent over the displayed energy region and the
agreement between the data and theory is remarkable. The calculations are made for the
’self’ scattering i.e. refering to a single D2 molecule, since for gaseous D2 the influence of the
interference of neutron waves scattered from different molecules is very small. However, for
liquid and solid D2, the interference effects (see Eq. 5.36 and Eq. 5.33) become important
as it can be seen in the measured cross sections presented in Figure 5.2. In the case of a
solid, the interference effects manifest as a coherent elastic Bragg scattering, for a liquid,
this is somewhat similar due to the rather well defined correlations between neighbouring
molecules.

In addition, it is worth to remark that the coherent acoh and incoherent ainc scattering
lengths for deuterium atom are of the same sign and the same order of magnitude (acoh

= 6.671 fm and ainc = 4.04 fm), which makes deuterium different, in this manner, from
hydrogen, which is mainly an incoherent scatterer with acoh = -3.7406 fm and ainc =
25.274 fm. The scattering in deuterium is largely coherent and the interference effects play
an important role in scattering.
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Figure 5.1: Measured total neutron scattering cross sections per molecule as a function of
the in-medium neutron energy for gaseous D2 at 25 K. The Hamermesh and Schwinger
and the Young and Koppel models reproduce the measured cross sections of D2 in the gas
phase. The bump in the cross section around the energy of 10 meV is due to excitation of
the J=1 rotational level of D2 molecule.
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Figure 5.2: Measured total neutron scattering cross sections per molecule as a function of
the in-medium neutron energy for gaseous (25K), liquid (19K) and solid (18K) D2. The
previously published data (see [1, 95]) is completed with the new data coming from the
transmission TOF measurements with CN. Comparing the different slopes of cross sections
of gaseous, liquid, and solid D2, one can notice a rapid increase in the cross section for solid
and liquid D2 above the Bragg cut-off energy due to the interference effects arising from
the correlation in molecular positions, while for gas no interference effects are visible at this
energy.
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5.3 The Crystal Structure

The crystal structure is a periodic arrangement of atoms and its mathematical description
is based on a concept of a lattice which is defined as an array of points in space. The
building block i.e. the smallest repeating volume of the lattice is called the unit cell and it
is set by the three lattice constants a1, a2, a3 (the lengths of the basis vectors aaa1, aaa2, aaa3 )
and by the three angles α, β, γ, which separate these vectors from one another. The lattice
points are located at the corners of the unit cell and are shared with seven other unit cells,
and since each cell has eight corners, there is only one lattice point per unit cell (so-called
primitive unit cells). For some crystal lattices the unit cell can have two or more lattice
points, then the additional points will be located at positions other than the corners of the
cell; for example the unit cell of the hexagonal close-packed (hcp) lattice has two lattice
points per unit cell at site6 (0,0,0) and (2

3 ,13 ,12). The positions of atoms are given in terms
of coordinates which describe fractions of the lattice constants; the atom in the center of
an unit cell has coordinates (1

2 ,12 ,12).
The crystal lattice can be described in relation to its symmetry properties. Full consid-

eration of the possible symmetries for the lattice leads to seven crystal systems: triclinic,
monoclinic, orthorhombic, tetragonal, cubic, trigonal, and hexagonal, determined by the
lattice constants and the angles. More details about the classification of the crystal struc-
tures can be found [98]. The information about the crystal structure of solid D2, O2 and
CD4 are collected in the table 5.2.

Another important concept connected with crystal structure is a lattice plane. The
position and orientation of a crystal plane is set by giving the coordinates of three non-
collinear atoms lying in the plane and it is specified by Miller indexes (hkl) [98]. The
indexes hkl denote a single plane or a set of parellel planes and are the reciprocals of the
intercepts on the three basis axes in terms of the lattice constants; if a plane intersects7 the
aaa1, aaa2 and aaa3 axes at distances x1, x2 and x3 respectively, then the Miller indexes of that
plane are given by :

h = C
a1

x1
k = C

a2

x2
l = C

a3

x3
(5.38)

where C is a scalar which clears the indexes off fractions or common factors.
The interaction of radiation of a wavelength λ with the crystal structure results in the

elastic coherent scattering, i.e. Bragg scattering. The Bragg law says that the constructive
interference of the radiation reflected from parallel planes of atoms separeted by a distance
dhkl will occur when the path difference is an integral number n of wavelengths. The
condition for constructive reflection is :

2dhkl sin Θ = nλ (5.39)

6In units of the basis vectors.
7If a plane is parallel to the axis then the corresponding index is zero.
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Table 5.2: Crystal structures and lattice parameters for solid D2, CD4 and O2. (at
equilibrium vapour pressure)

Material Lattice type Lattice parameters

D2
a hcp a1 = a2 �= a3

α = β = 90◦, γ = 120◦

a1 = 3.607 Åa3 = 5.81 Å

CD4 I phase b fcc a1 = a2 = a3

α = β = γ = 90◦

27.1 K < T < 89.9 K a1 = 5.925 Å

CD4 II phase c fcc a1 = a2 = a3

α = β = γ = 90◦

22.1 K < T < 27.1 K a1 = 5.829 Å

CD4 III phase d tetragonal a1 = a2 �= a3

α = β = γ = 90◦

T < 22.1 K a1 = 5.768 Åa3 = 5.861 Å

O2 γ phase e cubic a1 = a2 = a3

α = β = γ = 90◦

43.8 K < T < 54.4 K a1 = 6.732 Å

O2 β phase c rhombohedral a1 = a2 �= a3

α = β = 90◦ γ = 120◦

23.9 K < T < 43.8 K a1 = 3.274 Å, a3 = 11.293 Å

O2 α phase d monoclinicf a1 �= a2 �= a3

α = γ = 90◦ �= β
T < 23.9 K a1 = 5.375 Å, a2 = 3.434 Å, a3 = 4.242 Å

β = 117.76◦

a [99]
b at 65K [100]
c at 25K [100]
d at 8K [100]
e at 45K [100]
f Oxygen in α phase has an ordered arrangement of axes and magnetic moments of molecules

which results in a quazi two dimentional antiferromagnetic.
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The scattering angle Θ depends on the spacing of the lattice planes which can be
expressed with reference to the reciprocal lattice vector KKKhkl:

dhkl =
2π

|KKKhkl| (5.40)

The reciprocal lattice is a special coordinate system commonly used in description of radi-
ation scattering from a crystal lattice. For a lattice represented by the vectors aaa1, aaa2, and
aaa3 the corresponding reciprocal basis vectors bbb1, bbb2, and bbb3 fullfill the relation:

aaaibbbj = δij (5.41)

where δij is the Kronecker delta, bbbj and are given by:

bbb1 =
aaa2 × aaa3

V
(5.42)

bbb2 =
aaa1 × aaa3

V
(5.43)

bbb3 =
aaa1 × aaa2

V
(5.44)

(5.45)

where V = aaa1 · (aaa2 × aaa3) is the volume of the unit cell in the real lattice. The reciprocal
lattice vector from the origin to the point (h,k,l) of the reciprocal lattice is normal to the
(hkl) plane of the real crystal lattice and it is given by:

KKKhkl = hbbb1 + kbbb2 + lbbb3 (5.46)
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5.4 Elastic Scattering of a Crystal Lattice

The interaction between a neutron of a wavelength λ and the crystal structure leads to
coherent elastic scattering and it becomes particulary important for neutrons with energies
above the Bragg cut-off, which corresponds to the condition:

λ ≤ 2dhkl (5.47)

where dhkl is the largest lattice spacing occuring in the crystal given by Eq. 5.40 and depends
on the lattice constants. The coherent elastic cross section per unit cell of a polycrystalline
sample, which is proportional to the total number of neutrons scattered coherently in all
directions, is given by:

σel,coh =
Nc λ2

2

∑
hkl

dhkl≥λ/2

F 2
hkldhkl (5.48)

where Nc is the number of unit cells per unit volume and Fhkl is the nuclear unit cell
structure factor:

Fhkl =
∑

d

bcohd
exp (iddd ·KKKhkl) (5.49)

where ddd is the position vector of an atom, bcohd
the coherent scattering amplitude for the

atom at position d which determines the intensity of the Bragg reflections. KKKhkl is the
reciprocal lattice vector (Eq. 5.46). The summation in Eq. 5.48 is taken over all planes
(hkl) which are capable of giving Bragg reflection for the given neutron wavelength, since
the microcrystals which constitute the polycrystal are oriented at random to collectively
produce all possible orientations. If, however, there is a specified axis of crystal growth, the
microcrystals might be oriented in a direction which reduced the number of planes capable of
giving Bragg reflection. As an example, the calulation of the coherent elastic cross section
has been made for the solid D2 hcp lattice structure (see Tab. 5.2) with two deuterium
molecules per unit cell. For a crystal with the hcp structure the structure function, Fhkl is
given by:

Fhkl = 2bcohd
cos

(π

6
(4h + 2k + 3l)

)
(5.50)

and the separation between the hkl planes is:

dhkl =

√(
3a2c2

4c2(h2 + hk + k2) + 3l2a2

)
(5.51)

The summation in Eq. 5.48 was taken over (i) all possible planes, (ii) planes parallel to
the xy crystal plane (h=k=0), (iii) planes parallel to the z axis (l=0). For the purpose
of comparision between the calculations and the measured total cross sections, the total
elastic cross section has to be taken into account:

σel,tot = σel,coh + σel,inc (5.52)
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where σel,inc is the incoherent elastic cross section given by:

σel,inc = 4π
∑

d

b2
incd

(5.53)

where bincd
the incoherent scattering amplitude for the atom at position d.

A similar calculation has been done for the solid CD4 fcc lattice structure (see Tab. 5.2)
with four CD4 molecules per unit cell. The structure function Fhkl for the fcc lattice is
given by:

Fhkl = bcohd
(1 + (−1)h+k + (−1)k+l + (−1)h+l) (5.54)

and dhkl:
dhkl =

a√
h2 + k2 + l2

(5.55)

In the Figures 5.3 and 5.7 the calculated values together with the experimental data are
shown. In case of solid oxygen only the experimental data are shown in Figure 5.11.

The calculations presented here do not include many interesting phenomena. The effect
of the thermal motion of the molecules in the crystal given by the Debye-Waller factor is not
properly considered, however, the influence of the Debye-Waller factor on the calculated
values is shown in the Figure 5.12 and discussed briefly. The inelastic scattering in the
region of Bragg scattering is also not shown. Those two effects (i.e Debye-Waller factor
and inleastic scattering), although they usually compensate each other, certainly should be
included in the proper theoretical model of neutron scattering by the lattice in the Bragg
region. One possible way of modeling the data in the region of Bragg scattering, decribed
by Atchison [101], takes into account the Hamermesh and Schwinger formalism with the
coherent cross section modified with the structure function S(Q)(measured for liquid D2

by Zoppi et al. [102] and translated into molecular liquid structure function [1+γ(κκκ)] of
Vineyard or the Sm(Q) of Granada et al. [103]) and folded with a Gauss fuction to represent
the thermal motion of the target molecules.



5.4 Elastic Scattering of a Crystal Lattice 59

Figure 5.3: Measured total neutron scattering cross sections in the region of Bragg scattering
as a function of the neutron wavelength for solid D2 at 18 (circles) and 8 K (stars). The solid,
dashed, and dotted lines show the theoretical elastic cross section (the sum of coherent and
incoherent) calculated by taking into account solid D2 crystal lattice parameters. The solid
line represents the total elastic cross section for a polycrystalline structure, while the dashed
and dotted ones show the elastic cross section for crystals grown in specific directions. The
comparison between the experimental data and theoretical cross sections should be treated
qualitatively i.e. in terms of understanding the structure of the deuterium crystals grown in
the experiment. The measured cross sections are between the calculated cross sections for
polycrystalline and for the oriented crystal structure suggesting that the measured sample
was in the state between the polycrystal and single crystal. An additional hint comes from
the comparison of the data at 18K and 8K (see also Figure 5.4); higher cross sections at 8K
indicate a more random polycrystalline structure, which is in agreement with the optical
observation of the crystal as well as with the Raman spectra (see Figure 5.5).
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Figure 5.4: Measured total neutron scattering cross sections in the region of Bragg scattering
as a function of the neutron wavelength for solid D2 at 18K (triangles), 17K (stars), 14K
(diamonds) and 8 K (squares). In the Bragg region the cross section grows with lowering
the temperature of the sD2 crystal, while it decreases for longer wavelength.
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Figure 5.5: The rotational Raman spectra of the J=0 to J=2 transition, S0 (0) line, in solid
deuterium at different temperatures for the same sD2 crystal. The focus of the light has
been kept at the same position. The splitting of the S0(0) line comes from the fact that the
J=2 level form three energy bands belonging to m = ± 1 (α), m = ± 2 (β), m = ± 0 (γ). The
line intensity ratios within the multiplet contain information about the relative orientation
of the crystal (or crystallites) with respect to the direction of the Raman collector. With
the change of temperature, the line intensity ratios change, indicating that the relative
orientations of the crystallites is changing in the sample. This might be an explanation
for the different intensities of the Bragg scattering at different crystal temparatures. It is
important to note that moving the focus of the laser light along the dimensions of the crystal
also influences the line intensity ratios, but not as much as changing the temperature. The
change due to temperature is reversible, i.e. by keeping the laser focused at one point, then
cooling down from 18K to 5K, and afterwards warming up back to 18K, one sees the same
line intensity ratio at 18K.
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Figure 5.6: Comparison of the measured total neutron scattering cross sections between
three different sD2 crystals at 8K. Two crystals were frozen from the liquid phase at the
same conditions (stars and squares) and one was grown from the gas phase (circles). The
cross sections in the Bragg region differ significantly while they are the same in the region
above the Bragg cut-off wavelength. This indicates that CN scattering (Bragg region) is
very sensitive to the specific crystal structure. Those data also show that it is difficult to
grow identical crystals i.e. with the same Bragg scattering pattern, even under very similar
conditions. The average total cross section, however, is not particularly sensitive to the
crystal structure.
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Figure 5.7: Measured total neutron scattering cross sections in the region of Bragg scattering
as a function of the neutron wavelength for solid (at 28K) CD4. The theoretical calculations
show the elastic total cross section for the fcc lattice (polycrystalline). The cross section
values above the Bragg cut-off wavelenght can be explained by the incoherent contribution
from the deuterium atoms (4 × 2.05 b), since there is no incoherent cross section for
12C. Note the slight increase in cross sections towards long wavelength indicating thermal
upscattering, see also Figure 5.8.
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Figure 5.8: Measured total neutron scattering cross sections in the region of Bragg scat-
tering as a function of the neutron wavelength for solid CD4 in phase I at two different
temperatures at 64K (circles) and 28K (stars). The Bragg cut-off is at about the same
wavelength, but the cross section in the Bragg region is higher at lower temperature. In the
region above the Bragg cut-off wavelength, the cross section is higher and also increasing
with wavelength, suggesting strong thermal upscattering. This behavior of the cross section
is similar for solid D2 (see Figure 5.4). The cross section above the Bragg cut-off wavelength
is about 8 b/molecule, which is comparable to the incoherent cross section of the D atoms,
i.e. 4 × 2.05 barn.
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Figure 5.9: Measured total neutron scattering cross sections in the region of Bragg scattering
as a function of the neutron wavelength for solid CD4 in different phases (the data points
overlap: phase I (circles), phase II (stars), phase III (squares)). The cross sections are
the same, suggesting no change in the crystal structure, this is in agreement with the
crystallographic data [100]. It is interesting to compare these results with Figure 5.8 and
Figure 5.4. The fact that the cross section doesn’t change with lowering temperature might
indicate that the sCD4 sample obtained at 28 K was a polycrystal. It is also worth noting
that the phase change doesn’t influence the crystal structure strongly, however, it can be
seen in the Raman spectra (see Figure 5.10).
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Figure 5.10: The Raman spectra of solid CD4 in variuos phases (see also [104]). Measured
bands are: ν1 (2084.7 cm−1) and ν3 (2258.2 cm−1), which represent C-D stretch vibrations.
In liquid CD4 we have observed only the ν1 band. In the first phase, the ν1 band has
been observed as well as the broad and small ν3 line. The biggest change in the Raman
spectrum has been observed during first phase transition (phase I to phase II), namely, the
ν3 line became much more pronounced and narrower. The observations are in agreement
with [105].
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Figure 5.11: Measured total neutron scattering cross sections in the region of Bragg scatter-
ing as a function of the neutron wavelength for three phases of solid oxygen. It is interesting
to note that the cross section changes with the phase change. In the cubic γ-phase (trian-
gles), one pronounced Bragg edge is visible (starting at about 7 Å). In the rhombohedral
β-phase (stars), two Bragg edges show up - one at about 8 Å and the second at 6 Å- and
in the monoclinic α - phase (spheres), three Bragg edges appear - two basically the same
as for the β-phase and one additional at about 10 Å. Those observations can be explained
by the different crystal structures and thus different lattice parameters of α-, β-, γ-phases
of solid oxygen (see Tab. 5.2). Above the Bragg cut-off wavelength, the cross section at
low temperatures tends to 0, which is in agreement with the fact that oxygen (16O) has no
incoherent cross section.
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Figure 5.12: The influence of the Debye-Waller factor on the elastic cross section calculation
for solid D2. The reduction of the elastic cross section at shorter wavelength is compensated
by the inelastic contribution coming from the rotational excitations. In the wavelength
region shown here, the excitations of following rotational levels are possible: J=1, 2, 3, 4;
according to Eq. 5.8 the corresponding energies (wavelengths) are E = 7.5 meV (3.3 Å),
22.5 meV (1.9 Å), 45 meV (1.35 Å), 75 meV (1.05 Å).
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5.5 The Dynamics of the Crystal Lattice

The dynamics of the lattice is presented using the formalism of phonons. The basic idea
comes from the quantum mechanical treatment of the linear chain, i.e. a finite system
of N discrete point masses lined up on a one-dimensional linear chain, being separated
by an equilibrium distance a. The quantized vibration of the system are called phonons.
The neutrons exchange energy with collective motions in solid by creation or anihilation of
phonons. Those processes are described by the ladder operators. At low temperatures and
low neutron energies, the so-called one-phonon processes, in which one phonon is created or
annihilated, predominate, but with an increase of temperature and energy, the multiphonon
processes become increasingly important (see Figure 5.13).

The phonon frequency spectrum for a given crystal can be approximated by a Debye
model, which assumes that the ordinary velocity of sound observed in a crystal at radio
frequencies will hold approximately up to the cut-off frequency ωD, charactarized by the
Debye temperature θD.

θD =
h̄ωD

kB
(5.56)

The normalized phonon density of states according to the Debye model is:

Z(ω) =
3 ω2

ω3
D

(5.57)

The position vector of the lth atom in the crystal of N atoms can be written as:

RRRl = ρρρl + uuul(t) (5.58)

where ρρρl represents the equilibrium position of the lth atom. The displacement ul(t) of the
atoms from their equilibrium configuration for the harmonic lattice can be written as [33]:

ul(t) =
∑
s,qqq

[
ξξξi(s,qqq)as,qqq + ξ∗i (s,qqq)a

+
s,qqq

]
(5.59)

where qqq is the wave vector, as,qqq and a+
s,qqq are the phonon annihilation and creation operators

as,qqq|ns,qqq〉 =
√

ns,qqq |ns,qqq − 1〉 (5.60)

a+
s,qqq|ns,qqq〉 =

√
ns,qqq + 1 |ns,qqq + 1〉 (5.61)

and

ξξξi(s,qqq) =

√
h̄

2NMωs(qqq)
γγγs(qqq) exp (iqqq ·ρρρ) (5.62)

ωs(qqq) represents the normal-mode frequencies, the index s=1,2,3 denotes the three solution
for ω for each qqq [106] and γγγs(qqq) is related to the polarization vector. We assume that all



70 The Detailed Treatement of Neutron Scattering

the atoms have the same mass M . Substituting 5.58 and 5.59 into the matrix element of
the general incoherent cross section formula:

(
d2σ

dΩdE′

)
inc

=
1
N

k

k0
b2
inc

∑
λ′λ

pλ

∑
l

∣∣〈λ′| exp(iκκκ ·Rl)|λ〉
∣∣2 δ(h̄ω + Eλ − Eλ′)

≡ k

k0
b2
inc Sinc(κκκ, ω) (5.63)

where κ is the momentum transfer

κ =
√

k2
0 + k2 − 2kk0 cos ϕ (5.64)

gives

〈λ′| exp(iκκκ ·Ri)|λ〉 = exp(iκκκ ·ρρρi)

×
∏
s,qqq

〈λ′| exp
{
iκκκ · [

ξξξi(s,qqq)as,qqq + ξ∗i (s,qqq)a
+
s,qqq

]} |λ〉 (5.65)

Applying a Taylor expansion of the exponential function in the operator we get

exp
{
iκκκ · [

ξξξi(s,qqq)as,qqq + ξ∗i (s,qqq)a
+
s,qqq

]}
= 1 + iκκκ · [

ξξξi(s,qqq)as,qqq + ξ∗i (s,qqq)a
+
s,qqq

]
+

−1
2

[
(κκκ ·ξξξi)2a2

s,qqq + (κκκ ·ξξξi)2(a+
s,qqq)

2 + |κκκ ·ξξξi|2(as,qqqa
+
s,qqq + a+

s,qqqas,qqq

]
+ . . .

(5.66)

Since as,qqq and a+
s,qqq annihilate and create, respectively, phonons, we see that the second term

changes the phonon number by one, while the third term changes the phonon number by
two or zero.
To calculate the one-phonon contribution to the neutron cross section we can use 5.60, 5.61
and 5.62 and write 5.65 as:

〈λ′| exp(iκκκ ·Ri)|λ〉 = exp [−W (κκκ)]

√
h̄

2NMωs(qqq)
iκκκ ·γγγ(s,qqq)

×
⎧⎨
⎩

exp [iρρρi · (κκκ − qqq)]
√

ns,qqq + 1 phonon creation

exp [iρρρi · (κκκ + qqq)]√ns,qqq phonon annihilation
(5.67)

where the term exp[−W (κκκ)], the Debye-Waller factor, describes the zero phonon expansion.
For a cubic lattice W (κκκ) is [106]:

W (κκκ) =
1
6
κ2〈u2〉 (5.68)
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where 〈u2〉 is the mean squared displacement of a nucleus.
Using 5.67, the incoherent double differential cross section of 5.63 becomes:(

d2σ

dΩdE′

)
inc

=
k′

k
b2
inc

∑
s,qqq

h̄

2NMωs(qqq)
exp[−2W (κκκ)]|κκκ ·γγγs(qqq)|2

×
⎧⎨
⎩

[ns(qqq) + 1] δ(h̄ωs,qqq − h̄ω) phonon creation

ns(qqq) δ(h̄ωs,qqq + h̄ω) phonon annihilation
(5.69)

Finally, after replacing the summation over s,q by the normalized density of states [106],
one obtains: (

d2σ

dΩdE′

)
inc

=
3

2M
b2
inc

k′

k
exp[−2W (κκκ)]

{|κκκ ·γγγs(qqq)|2
}

av

×Z(ω)
ω

⎧⎨
⎩

n(ω) + 1 if ω ≥ 0, phonon creation

n(ω) if ω < 0, phonon annihilation
(5.70)

where h̄ω is the energy lost by the neutron. The subscript av in 5.70 stands for the
average over a surface in κκκ with constant ω and in cubic symmetry this average is equal
to 1

3κ2. The coherent scattering is usually small because it is restricted by the energy and
momentum conservation and very often it is sufficient to use the ’incoherent approximation’,
which consists of using 5.70 with b2

inc replaced by b2
coh + b2

inc. The validity of ’incoherent
approximation’ is discussed in [69].

Here, it is worth mentioning the influence of the molecular effects on the scattering
length. The neutron scattering cross sections depend on the rotational states and as it was
pointed out by Sarma [107], and later by Nielsen [99, 108], this effect should be included
in the scattering length. Thus for solid ortho-D2, instead of using energy independent
scattering lengths, the form factors of the following form should be applied:

f0→0 = bcoh j0(
κd

2
) (5.71)

f0→1 = binc j1(
κd

2
) (5.72)

where ji(κd
2 ) are the spherical Bessel functions and d denotes the separation between the

nuclei in a molecule. The function 5.71 is used when the rotational quantum number J
retains the value of zero. This factor accounts for the spatial extension of the molecule. If
the rotational quantum number is changed from J to J ′ ( 0 to 1 in case of ortho-D2), the
formula 5.72 is also employed. However, this requires that the energy transfer between the
neutron and the molecule is larger than the energy difference between the two rotational
states, which in the case of ortho-D2, is equal 7.5 meV.

Equation 5.70 is applied to calculate the upscattering cross section for neutrons in the
energy range 100 neV < En < 0.5 meV interacting with solid ortho-D2 at 18 K. Due to low
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neutron energies and low temperature of solid D2, we neglect the multiphonon contribution
and the effects connected with the change of the rotational quantum number. Deuterium
crystallises in the hcp structure [99, 109] with an intermolecular separation of 3.7 Å. At low
temperatures ( T ≤ 18 K ) the vibrational υ and rotational J quantum numbers are zero.
Thus the ortho-D2 molecule is spherically symmetric and may be considered as a single
particle with a neutron scattering length given by the b j0(κd

2 ) in which b2 = b2
coh + 5/8b2

inc

(following from the statistical weights of the nuclear spin configuration S = 0, 2 of ortho-D2;
see also [87, 90, 91]) and the separation d between the deuterons in the D2 molecule equal
to 0.74 Å. Following [110] we can use a cubic lattice, rather than the actual hcp structure,
to describe the solid deuterium structure so that the single phonon scattering cross section
is written as(

d2σ

dΩdE′

)1 phonon

inc

=
1

2MD2

[
2bcohj0

(
κd

2

)]2 k

k0
exp[−2W (κκκ)] κ2

×Z(ω)
ω

⎧⎨
⎩

n(ω) + 1 if ω ≥ 0, phonon creation

n(ω) if ω < 0, phonon annihilation
(5.73)

The population number n(ω) of phonons with the frequency

ω =
h̄

2Mn
Q2 (5.74)

is given by Bose-Einstein statistics

n(ω) =
1

exp
(

h̄ω
kBT

)
− 1

. (5.75)

The upscattering cross section is obtained by intergating Eq. 5.73 (phonon anihilation part)
over all final energies, starting from the initial neutron energy. The direct validation of this
model is done by comparison with the measured total scattering cross section of neutrons
with energies 100 neV < En < 0.5 meV with solid D2 (see next section).

5.6 Inelastic Scattering

For neutrons with energies lower than the Bragg cut-off of the material, (for solid D2 below
2 meV), the total cross section is the sum of the absorption cross section, the inelastic
scattering cross section, and the incoherent elastic cross section and can be written as:

σtot = σinc +
Ξ√
E

(5.76)

where Ξ is the sum of neutron upscattering processes which have 1/v energy dependence:

• the thermal upscattering on phonons calculated according to the formula 5.73,
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Figure 5.13: The effect of one, two, three and four - phonon processes in case of solid D2.
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• upscattering on para-D2; the para-D2 fraction contributes about 1/v × (1-c0) × 220
barn m/s (estimated using [110]),

• absorption by D2 (1/v × 1.1 barn m/s),

• upscattering on H2 molecules; the H contamination cH contributes cH × 82 barn
incoherent scattering and 1/v × cH × 730 barn m/s absorption cross section.

The dominating contribution to Ξ comes from the thermal upscattering on phonons; the
other effects are maximal at the lowest energies and at those lower energies amount to an
increase in cross section by 2.5 %. The experimental verification of the described model was
done by our UCN collaboration and is published in the paper [2]. The measurements have
been performed using cold neutrons at the SANS-I instrument [96] of the SINQ facility at
PSI and with VCN and UCN at the PF-2 instrument [97] of the Institute Laue-Langevin
(ILL). The total cross sections have been measured using the transmission technique (see
section 4.3.2). In Figure 5.14 the cross sections for solid ortho-D2 at 18K are shown together
with the theoretical expectation dominated by thermal upscattering calculated using the
Debye model.
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Figure 5.14: Measured total neutron scattering cross sections per molecule as a function of
the in-medium neutron energy for solid D2 at 18 K. The data come from ultracold, very
cold, and cold neutron transmission experiments. In the case of the cold neutron cross
sections two experiments were performed - one at the SANS-I instrument (black squares)
and the second at the FUNSPIN beam (green circles) of the SINQ facility at PSI. For the
SANS-I measurements: the Bragg peaks are suppressed due to the poor velocity resolution
(about 10%) in the small angle neutron scattering technique measurement. The Bragg
peak structure is visible in the second set of data - this measurement was performed using
a chopped CN spectrum and the transmission technique. The two sets of results are in
good agreement in the shared energy region below about 2 meV; above 2 meV coherent
Bragg scattering is possible, but depends on details of the particular crystal. The overlap
of different sets of data is very good. The solid brown line represent the theoretical total
cross section values calculated assuming a simple Debye model. The low energy part of the
cross section reproduced the measured cross sections.
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Figure 5.15: Measured total neutron scattering cross sections in the region of Bragg scat-
tering as a function of the neutron wavelength for solid (circles) and liquid (stars) CD4.
The behavior of the cross sections is similar to D2 cross sections (see Figure 5.2). For liquid
CD4 the cross section is higher above and below the Bragg cut-off.

5.7 Scattering by liquids

In the previous sections we have described in detail the scattering of neutrons by gases and
solids which can be understood as two extremes. In the case of gases, we deal with point
particles in uncorrelated motion, while in the case of solids, we have a model of crystal
lattice and its collective motions. For the liquid states, none of these solutions can be
applied. Instead, one needs to determine the structure of the liquid, which is, in fact, the
pair-correlation function discussed above (see Tab. 5.1).

Here, the measured total cross sections for liquid CD4 and O2 are presented and com-
pared with the solid CD4 and O2 cross sections (see Figure 5.15 and Figure 5.16). The
total cross section data for liquid D2 are compared with the total cross sections measured
by Seiffert [111].
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Figure 5.16: Measured total neutron scattering cross sections in the region of Bragg scatter-
ing as a function of the neutron wavelength for solid (triangles) and liquid (stars) oxygen.
Again the behavior of the liquid O2 cross sections is similar to the D2 and CD4 cross
sections, the increase in the cross section in the Bragg scattering region is visible.
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Figure 5.17: Measured total neutron scattering cross sections in the region of Bragg scat-
tering as a function of the neutron wavelength for liquid D2; our data - circles, Seiffert data
- triangles.



Chapter 6

The Production of Ultracold
Neutrons - Results of The
Measurements

In two experiments, we have successfully measured the absolute UCN production cross
sections in gaseous, liquid, and solid D2, the energy dependent UCN production in gaseous
and solid D2, and the UCN production in O2 and CD4. In this chapter we present the results
of these measurements, the method of data analysis and the accompanying theoretical
discussion. Most of the information gathered in this chapter has already been published
(see [2, 4]).

6.1 UCN Production in Deuterium

The measurement of the UCN production rate from cold neutrons interacting in solid D2

has been done by using a UCN detector with a well-defined geometry and a normalized
simulation to calculate the detection efficiency. To expedite this process, results for both
liquid and gaseous D2 have been taken during the experiment. To extract the production
cross section from the measured data, we need to deconvolute the overall efficiency function
for the UCN spectrometer, including the coupling to the target cell. Presently there is
insufficient detailed knowledge to be able to estimate this directly; for instance, we do not
know what ratio of diffuse to specular reflection at the guide walls to use or the velocity
distribution of the neutrons escaping the target cell. However, these difficulties are by-
passed by using results measured for gaseous D2 to normalize a detailed simulation of the
spectrometer. In the case of gas, the scatterer density is low, so that the UCN production
in the target cell will be closely being spatially homogeneous. The experimental results of
the measurement of cross sections show very good agreement with the model of Young and
Koppel for neutron energies down to the UCN region (see chapter 5, Figure 5.1). That
is, in the case with gas in the target cell, the main open parameters are reduced to the
amount of diffuse scattering and the efficiency of the gas detector (this will include extra
losses arising from system imperfections). The D2 gas results may be used to set values for
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these, which can then be used for the liquid and solid D2 results. Although, in truth, we
cannot obtain unique values for these two parameters, it is helpful to keep them separate.
The simulation calculations have been carried out using the GEANT4 UCN-Monte Carlo
code [112], which tracks UCN through a detailed model of the target cell UCN spectrometer
system, and used to extract estimates for the UCN extraction efficiency εext for the various
sample temperatures.

6.1.1 UCN Storage Mode

The storage mode (SM) measurements were performed to unambiguously demonstrate that
the produced neutrons actually were UCN and that quantitative agreement with the flow-
through results exists, so that the latter can be used to draw conclusions about UCN
production. Storage mode measurements were more time consuming and were made only
for the case of solid D2 at 8K, which was the lowest accessible temperature and gave the
highest flow-through rates. Figures 6.1 and 6.2 show examples for different storage times
with UCN counts accumulated for 100 filling-storage-emptying cycles. The background has
been subtracted from the data. Figure 6.4 shows the resulting UCN counts for four different
storage times. An exponential fit to the data points gives a storage lifetime of 24 ± 8 s and
an extrapolation to t = 0 of

NSM
ucn = 0.21 ± 0.03 (6.1)

UCN in the bottle at equilibrium per storage cycle. The value in Eq. 6.1 is consistent
with the flow-through mode (FM) measurement. The flow-through mode measures the net
neutron current through the bottle. The neutron spectrum in the flow through mode is
rather wider than can be stored in the bottle, vc = 6.9 m/s; (45 ± 4 )% of the neutrons
have v ≤ vc (the hatched area in Figure 6.12). Thus, closing the exit UCN shutter (number
7 in the Figure 4.1) makes the UCN fraction of this current, Iucn = 0.45(4)×IFM , which
fills the bottle. After a filling time tf , the number of neutrons in the bottle is

Nucn = Iucnτ1

(
1 − exp

(
− tf

τ1

))
(6.2)

where τ1 is the UCN lifetime in the bottle with either exit or entrance shutter open. This
time constant is dictated by the geometry of the bottle system. The symmetry of the system
used suggests that the time constants for the arrangement are the same. Thus, τ1 can be
extracted from the emptying curve of the storage measurements (compare Figures 6.1, 6.2,
6.3) and found to be τ1 = 0.97 ± 0.25 s. Therefore, the estimated number of UCN in the
bottle per filling cycle by using the flow-through data is

NFM
ucn = 0.18 ± 0.05. (6.3)

6.1.2 UCN Production in the Flow-Through Mode

The main results from the experiment are the variation of UCN production with tem-
perature of the D2; these are shown in Figures 6.5, 6.6, and 6.7 as counts (corrected for
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Figure 6.1: Background subtracted time spectra for UCN counts during filling, storing,
and emptying times of 5 s each. Those data were taken during the first UCN production
experiment in 2004.
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Figure 6.2: Background subtracted time spectra for UCN counts during 5 s filling, 20
s storing, and 5 s emptying. Those data were taken during the first UCN production
experiment in 2004.
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Figure 6.3: Background subtracted time spectra for UCN counts during 5 s filling, 20 s
storing, and 5 s emptying. Those data were taken during the second UCN production
experiment in 2005. The difference compared to the data taken in 2004 is relatively high
background while filling the storage bottle. This is due to another foil material used for the
second UCN shutter; in the first experiment we have used a DLC coated PET foil, while
during the second experiment, a DLC coated Al foil has been used.
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Figure 6.4: Decay of the UCN density in the bottle as a function of storage time. The four
measured points are given along with an exponential fit. The storage lifetime is found to
be 24 ± 8 s; the equilibrium population after filling is 0.21 ± 0.03 UCN per fill.
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background) per coulomb proton charge onto the SINQ target as a function of temperature.
At 8K, a neutron current of IFM = (0.42 ± 0.04) s−1 has been measured for 1.2 mA proton
beam onto the SINQ target.

The data shown in Figure 6.5 were measured during the first UCN production experi-
ment in 2004. The data point at 85K shown in Figure 6.5 was measured for the evacuated
target cell. Thus, without D2 in the target, the measured UCN production is consistent
with zero. All other data points are with D2 in the target cell: above 24K as gas, between
24 and 18.7K as liquid, and below 18.7K as solid. Data for two differently prepared crystals
are included in Figure 6.7, one was cooled slowly, the other one fast. The results show no
difference within the statistical uncertainties. The fact that the treatment of solid D2 does
not influence the UCN yield was confirmed during the second UCN production experiment
in 2005. In Figure 6.6 the data for a crystal grown from the liquid and gaseous phase are
shown. There is again no significant difference in the number of detected UCN between
those two crystals, although when optically observed, the crystal frozen from the gas phase
(frozen to 11K and cooled down to 8K) was more transparent and did not have cracks as the
crystal which had been frozen from liquid at 18.7K and cooled down to 8K. The difference
between the UCN counts in 2005 and 2004 is due to the Fe-analyzer (see chapter 4). After
removing the Fe-analyzer the difference in the UCN counts was on the level of the typical
systematic fluctuations due to the quality of the grown crystal (about 10%).

In the flow-through mode, the neutron count rate I is measured for a given incom-
ing neutron flux Φ(Ei) and for various target conditions (gas, liquid, and solid at various
temperatures, with D2 density ρ and illuminated target volume VD). The integrated neu-
tron flux incident on the target cell was measured using gold foil activation method (see
Appendix B) and was1:

ΦCN = (4.5 ± 1.0) × 107cm−2s−1mA−1 (6.4)

Using subscripts i and f to denote values for initial and final states:

I

ρVD
=

∫ ∫
εrestεtraεextΦ(Ei)σ(Ei → Ef )dEidEf (6.5)

where σ(Ei → Ef ) is the downscattering cross section and three factors are introduced:
εrest for the efficiency of the actual detector and other loss factors outside the simulation
(e.g. gaps between guide section), εtra the efficiency for transporting the neutrons through
the UCN spectrometer and εext the efficiency for the transport of the neutrons from their
production position to the start of the spectrometer. These three factors depend on final
energy Ef and are obtained from a simulation of the experiment and from use of measure-
ments with gaseous D2. The experiment is not set up2 to measure the influence of the
incident energy Ei, and σ is replaced by an average cross section for producing neutrons of
energy Ef , σ̄(Ef ), which is proportional to

√
Ef . Equation 6.5 may be rewritten as

I

ρVD
= ΦCN

∫
εrestεtraεextσ̄(Ef )dEf . (6.6)

1During the experiment in 2004.
2However, see section 6.2 - Energy Dependent UCN Production in Deuterium
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The dependence of εrest on Ef will be weak and can be separated and replaced by an
average ε̄rest. It is also sometimes more convenient to work with velocity as the dependent
variable. The velocity dependence of σ̄(vf ) = σ̄CN→UCNf(v) is known, f(v) ∼ v2, so that
Equation 6.6 can be written as

I

ρVD
= ΦCNε̄restσ̄

CN→UCN

∫
P (v)dv, (6.7)

where
P (v) = f(v)εtra(v)εext(v) (6.8)

with the normalization condition ∫ v2

v1

f(v)dv = 1 (6.9)

where v1 and v2 are the velocities in the target material that lead to UCN storable in the
bottle.

UCN Production by D2 Gas and the Extraction of Values for εtra and ε̄rest

The main open parameter stopping the determination of εtra is the diffuse scattering fraction
at the guide wall. A value can be assigned that together with ε̄rest matches experiment and
simulation calculation. It is clear that unique values cannot be obtained. However, limiting
values to those that are physically reasonable, e.g., a diffuse scattering fraction of more
than 3% would require ε̄rest to be greater than 1, yields an indicative value for the diffuse
scattering fraction. Finally, the diffuse scattering fraction is set in the simulation to 1% as
this leads to a reasonable numerical value for ε̄rest.

The individual calculated values for εtra and εext obtained from the gas-target simulation
are show in Figure 6.8, and the values for the efficiency function P (v) are displayed in
Figure 6.9. The neutrons contributing to the UCN stored in the bottle lie in the energy
range 100 to 350 neV in the gas, so that

P gas
int =

∫ 8.18 m/s

4.37 m/s
P (v)dv = 0.037. (6.10)

The detailed results of the simulation show that the UCN extraction efficiency is almost
independent of temperature, as the variation of density and neutron upscattering cross
section virtually compensate one another; the measured values for the gas target (collected
in the Tab. 6.1) are consistent with this.

We use the Young and Koppel model (see chapter 5) to calculate the downscattering
cross section σYK of neutrons of initial energy Ei into the UCN region. The final energies
have been set to the interval 100 - 350 neV, which is consistent with the energy range for
neutrons in the gas that can be stored in the bottle at 1 m height.

σYK(Ei → EUCN) =
∫ 350 neV

100 neV

dσYK

dEf
(Ei)dEf (6.11)
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Table 6.1: Measured numbers of UCN (flow-through mode) for a proton beam
charge of 1 C on the SINQ spallation target for different target conditions.
The measurements were made while warming up the target and the tem-
peratures given are average values. The D2 number densities ρ have been
calculated for the van der Waals gas parameters of Ref.[113]. Within the
experimental uncertainties I/ρ is constant.

T [K] D2 number density ρ [cm−3] UCN rate I [C−1] I/ρ [C−1 cm3]

24 3.19 × 1020 104 ± 12 3.3 (4) ×10−19

48 2.08 × 1020 71 ± 10 3.4 (5) ×10−19

64 1.54 × 1020 50 ± 10 3.2 (6) ×10−19

75 1.31 × 1020 45 ± 9 3.4 (7) ×10−19

85 Evacuated -2 ± 5

σCN→UCN
YK =

∫
Φ(Ei)σYK(Ei → EUCN)dEi (6.12)

The calculated downscattering cross section, σCN→UCN
YK , together with other derived

parameters relevant to estimation of ε̄rest are collected in Table 6.2. The (positive) un-
certainties attached to the values of σCN→UCN

YK in Table 6.2 come from an estimation of
the contribution of lower energy neutrons in the FUNSPIN spectrum. This estimate was
made using an extrapolation assuming that the source spectrum for the FUNSPIN guide is
Maxwellian. We note that this adds at most a few percent additional uncertainty, which is
small compared to the statistical uncertainty of the gas measurement. The four individual
determinations of ε̄rest (see Table 6.2)are statistically consistent and give an overall average
value of

ε̄rest = 0.74 ± 0.06 ± 0.16. (6.13)

This value is affected by the (± 0.16) systematic uncertainty of the cold neutron flux
determination (see Eq.6.4). However not affected by this systematics is the product

ε̄restΦCN = (3.33 ± 0.27) × 1010C−1 (6.14)
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Table 6.2: Calculated downscattering (single scattering) cross sections per molecule
averaged over the incoming cold neutron spectrum and various D2 gas tempera-
tures. See text for an explanation of the uncertainties in the second column; EUCN

= 100...350 neV; V = 45 cm3; Rgas = σCN→UCN
Y K ρ; PUCN = ΦCNRgasV ; Pint=0.037;

ε̄rest = I/(PintPUCN). The attached errors on ε̄rest concern the last digits and are
for the statistical uncertainty (first) and the systematics (second) coming from
the measurement of ΦCN. The values in the last column are not affected by this
systematic uncertainty.

T σCN→UCN
YK Rgas PUCN PUCNPint ε̄rest ε̄restΦCN

[K] [10−30 cm2] [10−9 cm−1] [C−1] [C−1] [1010 C−1]

24 6.63(+0.22) 2.11 4273 158 0.66(8)(15) 2.96(36)

48 6.01(+0.16) 1.25 2531 94 0.76(11)(17) 3.41(49)

64 5.66(+0.15) 0.87 1762 65 0.77(15)(17) 3.45(67)

75 5.42(+0.14) 0.71 1438 53 0.85(17)(19) 3.81(76)

UCN Production by Liquid D2

In case of liquid D2, the high density means that both the incident cold neutrons and
the produced UCN will be significantly attenuated over the length of the target. These
effects are taken into account in the simulation of εext. The CN flux distribution within
the liquid D2 is calculated using the code MCNPX [114]; the measured incoming spectrum
and the liquid ortho-D2 scattering law of Bernnat et al. [115] are used, and a selection of
flux spectra from the calculation is displayed in Figure 6.10. The expected cooling of the
incident CN spectrum may be seen; but as UCN production cross sections averaged over
the incident spectrum are used throughout, this effect is not included in the simulation.
An attenuation factor αatt = 0.65 ± 0.10 is deduced for which αattΦCN corresponds to the
average cold neutron flux over the target cell. The assigned systematic uncertainty accounts
for limitations in the simulation of the target itself and its surroundings. This results are
in agreement with the measured CN transmission through liquid D2 (see Figure 6.11).

The simulation to obtain P (v), see Figure 6.12, uses the calculated spatial variation of
cold flux within the liquid together with an isotropic UCN spectrum f(v) ∼ v2 to define
the source and the measured liquid D2 cross sections (see chapter 5, Figure 5.2). Taking
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a material potential for liquid D2 of 90 neV (i.e. the neutron energy range for producing
stored neutrons in the bottle is now 10 to 260 neV), then

P liquid
int =

∫ 7.05 m/s

1.38 m/s
P (v)dv = 0.007 ± 0.001. (6.15)

The systematic uncertainty has been determined from the propagation of the estimated
errors in the primary spatial distribution.

The neutron rate for liquid D2 at 20 K (see Figure 6.7) is measured as I = (115±10) C−1.
Using the value for ε̄restΦCN = (3.33 ± 0.27) × 1010 C−1 determined from the gas results
(see Eq. 6.14) and taking the liquid density from [116], then

σCN→UCN
liquid,20K =

I

αattΦCNρV P liquid
int ε̄rest

= (6.6 ± 1.6) × 10−31cm2, (6.16)

and
Rliquid,20K = σCN→UCN

liquid,20K ρ = (1.70 ± 0.41) × 10−8cm−1. (6.17)

UCN Production from Solid D2

The method used for extraction of UCN production cross sections for solid D2 is completely
analogous to that used for liquid. The P (v) distribution is included in Fig. 6.12. The energy
range for the source neutrons is 0 to 250 neV in this case (the material potential of the
solid is roughly 100 neV) and

P solid
int =

∫
P (v)dv = 0.034 ± 0.004 (6.18)

The uncertainty is dominated by the effect of variations in the UCN scattering and loss
cross sections on the extraction efficiency εext; because the losses are small, comparable to
those in the case of gas target, this turns out to be quite a weak effect.

We detected neutron rates of I = (360 ± 10) C−1 in solid D2 at 8K, see Figure 6.7.
Again taking ε̄restΦCN from Eq. 6.14, using the same cold neutron attenuation factor αatt

as for liquid and taking the solid density from [116], we then obtain

σCN→UCN
solid,8K =

I

αattΦCNρV P solid
int ε̄rest

= (3.7 ± 0.8) × 10−31cm2, (6.19)

and
Rsolid,8K = σCN→UCN

solid,8K ρ = (1.11 ± 0.23) × 10−8cm−1. (6.20)

Discussion

The observation that the differently prepared crystals produce equally high UCN rates
allows one to conclude that UCN extraction at 8K, in the geometry of our experiments, is
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Figure 6.5: Number of neutrons detected in flow-through mode per 1 C of proton charge
onto SINQ target as a function of D2 temperature. The data have been corrected for
background (typical background rates: ∼ 0.010 - 0.015 s−1 at 1.2 mA). The measurement
at 85K was with an empty cell to confirm the background correction. One data point
typically required 1000 s with 1.2 mA onto the SINQ target.
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Figure 6.6: Comparison between the data taken during the first (2004) and the second
(2005) UCN production experiment. During the measurements with the Fe-analyzer we
detected less neutron counts than during the previous experiment (for solid deuterium we
have observed 1.8-2 times less). The ratio between the number of neutrons produced in
sD2 at 8K and at 18K is 1.9 (in the last year the ratio was 1.75 ). We have also observed
that for liquid and gaseous deuterium, the number of neutrons is lower by a factor 2. After
removing the Fe-analyzer, the number of detected neutrons increased by a factor 1.5.
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Figure 6.7: Same as Figure 6.5 but zoomed in on the liquid and solid D2 region. Circles are
for the slowly cooled crystal; squares are for the rapidly cooled crystal. The solid line was
obtained using the simulation for UCN extraction and taking into account the temperature
dependence of both thermal upscattering losses and UCN production.
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Figure 6.8: Simulated efficiencies for extraction εext and transport εext as functions of
neutron velocity inside the D2 gas target at 24 K. Ultracold neutrons with velocities below
4 m/s in the gas target cannot reach the detector.
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Figure 6.9: The product P(v) of the simulated efficiencies εext, εtra (see Figure 6.8) and the
velocity distribution f(v) is displayed (see Eq.6.8) for the D2 gas target at 24K as a function
of neutron velocity inside the target. The normalization condition for f(v) is explained in
the text.
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Figure 6.10: MCNPX [114] simulation by M. Wohlmuther of the attenuation and spectral
change of the cold neutron flux per incident source particle in liquid D2. The spectra
displayed are averages over 10 mm diameter, 5 mm long cylinders on the beam axis. The
intensity varies systematically with distance, with the highest values by the entrance window
and the lowest by the UCN exit window. The simulation uses the IKE Stuttgart scattering
kernel.[115]
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Figure 6.11: The measured CN transmission through an empty cell (black solid line) and
liquid D2 at 20 K. The attenuation and spectral change agrees with the MCNPX simulation
(Fig. 6.10). The attenuation factor αexp

att calculated by integrating the shown spectra is 0.67
± 0.02 and agrees with the value obtained from the simulation.
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Figure 6.12: The product P(v) of the simulated efficiencies εext and εtra and the velocity dis-
tribution f(v) is displayed (see Eq. 6.8) for liquid and solid D2. The different normalization
conditions for f(v) are explained in the text.
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not strongly influenced by specific details of the crystal, and this should be the case when the
average time the UCN spend in the D2 before extraction becomes small in comparison with
their lifetime in the solid. For solid D2 at 8K used in the experiments, the estimated UCN
lifetime is about 24 ms, dominated by thermal upscattering (40 ms lifetime), influenced
by the para upscattering (about 100 ms) [110], and the neutron-deuteron absorption (150
ms). In our case, hydrogen contamination of the target was negligible. Neutrons with
velocities of 5 m/s travel 12 cm in 24 ms, a distance larger than the target dimensions
in our experiment. For solid D2 at 8K under comparable conditions (e.g. 98 % ortho
concentration), UCN lifetimes of about 20 ms have been measured [45].

It is instructive to compare our UCN production cross section, Eq. 6.17 with prediction
[59, 60]. These calculations were performed using the incoherent approximation, single
phonon exchange, and one of two models for the phonon spectrum, the Debye model (A) or
a “realistic” spectrum (B) [60]. To make them comparable, the equilibrium UCN densities
presented in [60] should be divided by the UCN lifetime due to absorption (150 ms) and by
factor of 0.75 to remove their correction for the D2 potential. We extract from [60] values
for solid D2 at 5K and for a Maxwellian neutron spectrum with Tn ≈ 25 K (being not
particularly sensitive to either and thus appropriate for a rough comparison with 8K and
FUNSPIN):

RA = 1.1 × 10−8 cm−1

RB = 1.3 × 10−8 cm−1. (6.21)

Together with the authors of [60], one concludes that the specific form of the phonon
spectrum is not of great importance for the UCN production (see however next section).
They further argue that neglecting the influence of molecular effects in their treatment
resulted in an average 20% overestimation of the cross sections. At the same time, the
consideration of multiple phonon creation (see also next section) will raise the cross section
by a similar amount. This suggests that our experimental result is in agreement with the
predicted cross sections, even that based on the simple Debye spectrum.

The temperature dependence of the measured UCN current from solid D2, see Figure 6.7,
can in principle be treated within the same model and understood as the balance between
the temperature dependence of thermal upscattering and UCN production. However, one
finds that limiting the treatment of UCN production to the creation of only one single
phonon does not properly describe the system. The inclusion of multiple phonon production
in the downscattering process and, thus a temperature-dependent UCN source, leads to an
agreement of the measured data and the simulation of extraction (see curve in Figure 6.7).
The major significant temperature dependence in downscattering, in case of the FUNSPIN
spectrum, is obtained already from the two-phonon creation. It is worth mentioning that
almost the same curve is obtained by fitting a simple product of production and loss to
the data with only one scale factor N0 and one more parameter d for the mean UCN track
length in the target:

N(T ) = N0
σdown(T )

σdown(8K)
exp [−ρσup(T )d]. (6.22)
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Here we calculate σup(T ) in accordance with, e.g.[110], and σdown(T ) along the lines of
[117], and obtain from the fit d ≈ 2 cm for the path length, in agreement with the results
from the simulation for the average UCN velocity of 7 m/s (see Figure 6.12).

It is important to note that the observed increase in extracted UCN between 20 and 8 K
(see Figure 6.7) cannot directly be compared with the ’gain factors’ as reported in [58, 65].
In the present experiment, the extraction of production cross sections is straightforward
because the incoming cold neutron spectrum does not change significantly with target
temperature, while the incoming spectrum is strongly affected in [58, 65] due to the sample
being the cold moderator at the same time. Also, the geometries and sizes of the cold
sources influence strongly the observed experimental gain as can be seen when comparing
[58] and [65].

The results presented above for the UCN production are used for the prediction of the
UCN density in the PSI source (see chapter 2).

6.2 Energy Dependent UCN Production in Deuterium

In order to improve the understanding of the underlying processes, we have measured the
UCN production from gaseous and solid D2 targets using a velocity selected CN beam. The
measurements of the UCN rates were done in flow-through mode with a typical measurement
time of 1000 s, and the UCN counts were normalized to the CN flux. Because of the
good agreement between the theoretical expectation and the measurement of the absolute
production cross sections (see section 6.1), here one can allow for an overall scale factor
(different for gas and solid D2) for UCN transport and detection efficiencies.

6.2.1 Theoretical Models

Gaseous D2

The scattering of neutrons by the deuterium molecule was described in the chapter 5. There
we have also shown the experimental validation of the YK and HS models. The same model
is used to calculate the downscattering of CN into the energies of UCN. In order to compare
the model with the measurements the cross section is calculated via

σCN→UCN
gas =

∫
dEiΦ(Ei)

∫ 350 neV

100 neV
dEf

dσYK

dEf
(Ei) (6.23)

where the integration is done over the incoming CN energy spectrum Φ(Ei) (see Fig. 6.15)
and the final UCN energies. The final energies have been set to the interval 100 - 350 neV,
which is consistent with the energy range for neutrons in the gas that can be stored in the
bottle at 1 m height.

Solid D2

The downscattering of CN into UCN via phonon creation can be described by the same
model as presented in chapter 5 while considering the upscattering of neutrons (see Fig-
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ure 5.14). Here, however, we have to include the multiphonon contribution, since the neu-
tron energies are high enough for this effect to become significant. The final cross section
formula for downscattering, using ’incoherent approximation’ and following [117] (compare
also [61]) is:

σ(ECN → EUCN ) = σ0

√
EUCN

ECN
exp

(
−ECN + EUCN

μτ

)

×
∞∑

n=1

gn(ECN − EUCN )
n!

(
ECN + EUCN

μ

)n

(6.24)

Because EUCN � ECN one can use ε = ECN −EUCN ≈ ECN + EUCN ≈ ECN in Eq. 6.24.
We use, according to the ’incoherent approximation’, the characteristic bound scattering
cross section σ0 = 4π(b2

coh + b2
inc) = 7.63 barn and the mass ratio of deuteron to neutron

μ = md
mn

. The term

τ =
h̄2

2mdγ
(6.25)

is a characteristic energy3 corresponding to the localization of a particle of a mass md in a
region γ. The quantity

γ =
h̄2

2md

∫ ∞

0

1
ε

coth
(

ε

2kBT

)
Z(ε)dε (6.26)

is the average of the square displacement of D2 in the lattice over the normalized phonon
density of states Z(ε). The density of states can either be represented by a simple Debye
spectrum

Z(ε) =
3ε2

(kBθD)3
(6.27)

where θD is the Debye temperature, compare also with Eq. 5.57 and see Figure 6.13 or a
more realistic phonon spectrum [60, 99] (see Figure 6.14). With

g(ε) =
Z(ε)

ε(1 − exp (−ε/(kBT )))
(6.28)

and g1(ε) ≡ g(ε), the multiphonon contributions are calculated via

gn =
∫ ∞

−∞
gn−1(ε′)g(ε − ε′)dε′ (6.29)

The final calculations are done according to

σCN→UCN
solid =

∫
dEiΦ(Ei)

∫ 250 neV

0 neV
dEf

dσ

dEf
(Ei) (6.30)

The final energies have been set to the interval 0 - 250 neV, which is consistent with the
energy range for neutrons in the solid D2 that can be stored in the bottle at 1 m height.

3For an oscillator in the ground state τ = hω



6.2 Energy Dependent UCN Production in Deuterium 101

Figure 6.13: Density of states for sD2 according to the simple Debye model.
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Figure 6.14: Realistic density of states for sD2.
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6.2.2 Data Analysis

In the case of the gas target, the extraction probability is independent on the CN energy
and thus the measured UCN production cross section is

σgas, 25 K = εgas
NUCN − Nback

vCN × NCN
(6.31)

where εgas is the overall scale factor for the gas target, NUCN is the measured UCN rate per
second, Nback is the background rate. The CN rate NCN, measured simultaneously with
the UCN rate (see Figure 6.15), is corrected for the 1/vCN dependence of the CN detector
(see Appendix B).

The situation is more complex for solid D2: the shape of the UCN energy spectrum at
the instant of production does not depend on CN energy, but the spatial distribution of CN
interactions and, thus, of the UCN production does; this leads to a CN energy dependent
UCN extraction efficiency. Relative energy dependent corrections have been determined by
modeling the UCN extraction from the target cell, starting the UCN according to calculated
axial flux distributions which are consistent with the measured CN total cross sections (the
average of the cross sections for two different crystals see Figure 5.6). We divide the target
cell into 5 mm long cylinders on the beam axis. For each cylinder the CN intensity is
calculated according to the formula:

NCNi(ECN ) = NCN(ECN) exp (ρσav(ECN)li) (6.32)

where NCN(ECN) is the CN transmission measured simultaneously with the UCN rate (see
Figure 6.16) and li is the distance from the middle of the cylinder to the end of the cell. The
total cross section σav(ECN) is the average cross section for CN for two different crystals
measured without the velocity selector (see Figure 5.6). The variation of the measured
total cross section for different crystals causes the dominant uncertainty in the modeling,
and makes a significant contribution to the cross section error.
The measured UCN production cross section is:

σsolid, 8 K = εsolid
NUCN − Nback

vCN × ∑8
i=1 NCNiΩi

(6.33)

where Ωi is a solid angle for each cylinder. The background rate Nback, within statistical
limits, was independent of VS settings and not affected by small variation in the proton
beam current (as this was very stable while taking data, 1252 ± 3 μA) . With the proton
beam and the CN beam on the D2 target, the background rate was (0.0054 ± 0.0003) s−1,
as measured with one or both UCN shutters closed. The background without proton beam
was less than 0.003 s−1. Typical UCN count rates with UCN shutters open were in the
region 0.01 to 0.06 s−1.

A final normalization was performed in which a constant factor4 that minimized the
mean square deviation between the cross section model and the measured results was applied
to the data. The cross section values are shown in Figure 6.15 for gaseous ortho-D2 (c0

4The overall scale factor εsolid or εgas
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Figure 6.15: Scaled measured (open circles) and calculated UCN production cross sections
per molecule versus the CN energy (Young and Koppel model: continuous black line and
red squares, see text) for gaseous ortho-D2 at 0.12 MPa and 25 K. The velocity selected
CN intensity distributions are normalized to the same intensity.
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Figure 6.16: Scaled measured (open circles) and calculated UCN production cross sections
per molecule versus the CN energy (multiphonon Debye model: continuous black line and
red squares, see text) for solid ortho-D2 at 8 K. The velocity selected CN intensity distri-
butions are normalized to the same intensity.
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Figure 6.17: The calculated energy dependent correction factors for the CN energy bins.
These factors are applied to the data to correct for the CN energy dependent extraction
efficiency. The overall scale factor is not included in this graph since it is the same for all
CN energy bins. The large uncertainty at 9 meV comes from the variation in the total
cross sections for CN transmission due to different Bragg scattering patterns (see text and
Figure 5.6).
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≈ 0.98) at 25 K and a pressure of 0.12 MPa and in Figure 6.16 for solid ortho-D2 at 8
K (in equilibrium with its saturated vapor pressure in the gas system above the target).
For each data point the normalized velocity-selected CN spectrum is displayed on the CN
energy axis. Along with the data, the model calculations are shown as continuous function
of CN energy (black line) and averaged over the velocity-selected CN spectra (red squares),
respectively.

For the gas measurement the fit of the 8 data points to the Y-K model results in χ2 =
8.54 for 7 degrees of freedom (χ2

red = 1.22), confirming the proper understanding of the UCN
production in gaseous D2, a reasonable control of the systematic effects in the experiment,
and the statistical origin of deviations between the model and the data. Qualitatively, the
energy dependence is easy to understand: The CN require D2 molecules of a certain velocity
class in direction of the CN beam for the downscattering. As the Maxwell-Boltzmann
distribution peaks at zero for any velocity component, there will always be more molecules
available to downscatter CN of lower energy.

The fit to the data of solid D2 to the simple Debye model results in χ2 = 9.73 for 7
degrees of freedom (χ2

red = 1.39). Qualitatively, one again understands that the energy
dependence follows the final state density of the phonons in the solid. Interestingly, the fit
gets considerably worse when using the ’more realistic’ phonon density of states of [60, 99]
(see Figure 6.14). It is, however, difficult to draw final conclusions from this discrepancy
because of some systematic issues which are difficult to estimate, particularly differences
between the crystals in the Bragg region, the validity of the ’incoherent approximation’,
and also the influence of the molecular effects. These issues have been recently discussed
[118] in connection with a new recent measurements of the phonon density of states in solid
D2 [119]. Nevertheless, we would like to emphasize the good agreement of the data and the
Debye model in Figure 6.16. In particular, the UCN production above 10 meV provides
strong evidence for two- and three-phonon contributions.

6.3 UCN Production in Different Converters

We have investigated the UCN production in three materials: deuterium (D2), oxygen
(O2), and heavy methane (CD4). All the measurements were done with the same setup
configuration (see chapter 4 and Figure 4.1), at the same CN beam line in the flow-through
mode, and took one week for each substance. During this period the produced UCN and
transmitted CN have been detected for gaseous, liquid, and solid phases of D2, O2, and
CD4 at various temperatures. The information about temperatures of phase transitions
have been collected in Table 6.3. Below the data analysis and interpretation of the obtained
results are presented.

The data analysis follows the method used in section 6.1.2 with some modification due
to e.g. different way of normalization; during these measurement we could simultaneously
detect the CN counts along with the UCN. To determine the UCN production rates Imeas

in the sample, the number of detected UCN NUCN is normalized to the simultaneously
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Table 6.3: Temperatures of phase transitions in D2, O2 and CD4

D2 CD4 O2

Boiling 23.5 K 112 K 90.2 K
point

Melting 18.5 K 89.9 K 54.8 K
point

Solid 27.1 K < I < 89.9 K 43.8 K < γ < 54.4 K
Phases 27.1 K < II < 22.1 K 23.9 K < β < 43.8 K

III < 22.1 K α < 23.9 K

measured transmitted CN counts NCN:

Imeas =
NUCN − Nback

NCN
(6.34)

where Nback is the background rate. The rates Imeas are shown in Figure 6.18 for D2,
CD4, and O2 as a function of temperature. The rates Imeas are the convolution of : (i) the
downscattering cross section in the material σCN→UCN, (ii) the extraction efficiency εext,
(iii) the transport efficiency εtrans which can be determined from the simulation. Since here
the intention is to compare the UCN production rates in the samples, there is no need to
determine the UCN production cross sections as was done in section 6.1.2. However, we
have to take into account various transport efficiencies of the UCN spectrometer due to
different Fermi potentials of the investigated solids5. The efficiencies εtrans are obtained
by simulation calculations carried out using the GEANT4 UCN-Monte Carlo code [112],
which tracks UCN through a detailed model the UCN spectrometer system. The extraction
efficiencies εext may also differ due to various UCN lifetimes in the investigated materials.
Here we assume that these efficiencies are the same. This assumption is based on the fact
that the UCN extraction in case of solid D2 is not influenced by specific details of the
crystal but by the UCN lifetime in sD2which is dominated by thermal upscattering. One
can conclude that this will be also the case for sCD4 and sO2. The capture contribution
for sO2 is negligible, and for sCD4, it is influenced by the neutron-deuteron absorption as
for sD2. The upscattering coming from rotational excitations will also influence the UCN
lifetime, especially in CD4, since the energy levels are much lower than for D2. However,
at low temperatures around 8 K, this contribution should be comparable with the thermal

5For the gaseous phases of D2, CD4, and O2 the effect of the Fermi potential and thus the difference in
transport efficiencies is negligible since for all three gases the Fermi potential is smaller than 1 neV
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upscattering. The remaining question is how large should the thermal upscattering be in
order to influence the extraction. The target dimension in our experiment is 4 cm; to travel
this distance, the neutrons with velocity of 5 m/s need 8 ms. This means that only in
case of UCN lifetime lower then 8 ms i.e. the thermal upscattering 5 times stronger than
for sD2, the extraction efficiency would be different in the geometry of our experiments.
Certainly the measurements of UCN lifetime in solid CD4 and O2 would be helpful for the
comparison between the converter materials, but since now there are no data available, the
assumption made above seems reasonable.

Taking into account the arguments discussed above, we correct the measured UCN
production rates Imeas for the transport efficiencies. We introduce the function T (v) to
include the dependence of the average UCN production cross section σ̄(vf ) on the final
neutron velocity vf , σ̄(vf ) = σ̄CN→UCNf(v) where, f(v) ∼ v2, so that:

T (v) = f(v)εtrans (6.35)

with the normalization condition (see also Eq. 6.9)∫ v2

v1

f(v)dv = 1 (6.36)

where v1 and v2 are the velocities in the target material that lead to UCN storable in
the bottle (0-250 neV). The distributions T (v) for solid D2, CD4 and O2 are shown in
Figure 6.19. To calculate the correction factors, functions T (v) are integrated over the
neutron velocity range that contributes to the UCN stored in the bottle. For solid D2 the
neutron velocity lies in the velocity range 0 to 6.8 m/s (corresponding to the energy range
0-250 neV) and

T (v)sD2
int =

∫ 6.8 m/s

0
T (v)sD2dv = 0.039 (6.37)

In case of solid CD4 with the Fermi potential VF of 177 neV6 the corresponding neutron
velocity range is 0 to 5.8 m/s (energy range 0-173 neV):

T (v)sCD4
int =

∫ 5.8 m/s

0
T (v)sCD4dv = 0.031 (6.38)

Solid O2 has VF = 87 neV7 and thus the velocity range is 1.6 to 7.1 m/s (energy range
13-263 neV):

T (v)sO2
int =

∫ 7.1 m/s

1.6 m/s
T (v)sO2dv = 0.041 (6.39)

The corrected UCN rates Icorr are calculated using:

Icorr =
Imeas

T (v)int
. (6.40)

and are shown in Figure 6.20 and for 8 K solids collected in Table 6.4.

6The value of VF for sCD4 varies with the temperature, sCD4 at 64 K has VF = 166 neV, at 8 K VF =
177 neV

7Also for sO2 VF varies from 79 neV (45 K) to 87 neV (8 K)
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Figure 6.18: The measured UCN production rates Imeas for D2, O2 and CD4. These rates
are the detected UCN background corrected and normalized to the simultaneously detected,
transmitted through the sample CN.
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Figure 6.19: The simulated transport efficiencies for solid D2, O2 and CD4. The simulation
takes into account the Fermi potential of the materials.
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Figure 6.20: The UCN production rates Icorr for solid D2, solid O2 and solid CD4. These
rates are the corrected for the transport efficiency (see Figure 6.19) measured UCN rates
Imeas. The assumption made here is that the UCN extraction efficiencies are the same for
all three materials.
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Table 6.4: UCN production rates Icorr for solid D2, O2 and
CD4, corrected for the transport efficiency.

Material Temperature UCN production rate Icorr [au]

D2 8 K 0.0044 ± 0.0002

CD4 8 K 0.0033 ± 0.0002

O2 8 K 0.0007 ± 0.0001



Chapter 7

Conclusions

7.1 Overview

The main aim of the work presented in this thesis was to understand the physics of UCN
production for the purpose of providing high UCN fluxes required for improving the sensi-
tivity of fundamental physics experiments such as the search for the electric dipole moment
of the neutron. In the first chapter we have given the motivation for building high intensity
UCN sources, namely the search for physics beyond the Standard Model with ultracold
neutrons. The short overview of the problem of matter - antimatter asymmetry and the
aspects of time reversal symmetry violation in connection with the electric dipole moment
of the neutron have been explained. Later we presented the principles of the new high
intensity UCN source under construction at PSI and the basic model of the neutron mod-
eration. Afterwards the details of the setup used for the UCN production experiments
and the principle of the measurements were described. In the next chapter the theoretical
models describing the interactions of a neutron with a medium (molecule or crystal lattice)
were discussed and verified by the measured total neutron cross sections. At the end the
experimental data of UCN production from a CN beam using D2, CD4, and O2 targets
were shown and interpreted.

Two UCN production experiments based on the same concept of measuring UCN pro-
duced from a CN beam were performed. Both experiments were carried out at the Swiss
Spallation Neutron Source SINQ at PSI, using the polarized CN beamline for fundamental
physics FUNSPIN.

The first experiment took 10 days of beam time and we have successfully measured
the absolute UCN production cross sections in gaseous, liquid, and solid D2 [2] and the
temperature dependence of the UCN production in sD2. Additionally the polarization of
UCN produced from polarized CN in sD2 was measured (see appendix A) .

The second experiment was conducted in autumn 2005 at the same beamline. During
5 weeks of beam time we have measured the production of UCN from the CN beam in D2,
O2, and CD4 as well as the CN transmission through all three materials [3]. Moreover, in
order to understand underlying processes of UCN production in gaseous and solid D2, the
CN energy dependent UCN production was measured [4].
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Below a short summary of the results obtained is presented.

7.2 Absolute Production Cross Sections in D2

The results of the first UCN production experiment using D2 as a target for a cold neutron
beam have been presented. The UCN were produced, stored, and detected. The background
level in the experiments was sufficiently low as to also allow detecting the neutrons without
storage. UCN signal-to-background ratios of up to 40:1 were obtained with 5% statistical
accuracy in measurements lasting less than 1/2 h, depending on the conditions of the target.

From the measured UCN production rates, the absolute UCN production cross sections
for gaseous, liquid, and solid D2 have been extracted. The comparison of the measured
and calculated UCN production in gaseous D2 was used to calibrate the simulated target
extraction and transport efficiencies of the experimental apparatus. To calculate the UCN
production in gaseous D2, the Young and Koppel model1 was applied. Absolute production
cross sections for solid and liquid D2 have been extracted from the data. The value for low-
temperature solid D2 agreed with the cross section calculated using the simple Debye model
and the ’incoherent approximation’. The temperature dependence of the measured UCN
rate can be understood in terms of the variations in balance between the actual production
(including multiphonon excitation) and thermal upscattering. In previous UCN production
experiments [65, 45, 66], the incoming neutron spectra were not known in detail. Consistent
results were obtained by combining calculated cold neutron spectra and UCN production
models along the lines of [59, 60, 117] and as discussed in chapter 5 . These results validate
the UCN production cross sections. Based on this the UCN density prediction for the new
high-intensity UCN source at PSI can be made (see chapter 2).

7.3 Energy Dependent UCN Production in D2

These data were taken during the second UCN production experiment using a velocity
selected cold neutron beam to investigate the influence of the incident neutron energy on
UCN production.

We have shown that the YK model can be applied to describe the measured energy
dependence of UCN production for gaseous D2. Additionally, the qualitative understanding
of the energy dependence which takes into account the Maxwell-Boltzmann distribution of
the neutron velocity components have been presented.

The shape of the CN energy dependent UCN production for solid D2 can be explained by
the simple Debye model. In particular, the UCN production above 10 meV provides strong
evidence for two- and three-phonon contributions. Qualitatively one again understands
that the energy dependence follows the final state density of the phonons in the solid.

1The validity of this model was verified by the total neutron cross section measurements in gaseous D2.
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7.4 UCN Production in D2, O2, and CD4

The measurements of the UCN production rates from a CN beam using D2, O2, and CD4

targets have been done in the flow-through mode during a second experiment. The results
obtained show that the UCN production rates are the highest for solid D2 at 8 K. The UCN
production rate for solid CD4 is about 33 % lower than the one for sD2 and for solid O2

at 8 K the rate is 6 times smaller. The very low UCN production rate for solid O2 might
be explained by the lack of magnetic structure in the crystals grown. In this case, the only
possible channel for UCN production would be via phonon excitations. Comparing the
calculated UCN densities produced in sD2 and sO2 (see Figure 7 in [71]), one can notice
that the UCN density in sO2 without magnon excitations is about 6-7 times lower than for
sD2.

7.5 Cold Neutron Total Cross Sections

The interest in developing new high intensity UCN sources requires experimental data rel-
evant to characterize the neutron thermalization process like total cross sections. The mea-
sured CN total cross sections for D2, O2, and CD4 in various phases have been presented.
The neutron total cross sections were determined from the neutron beam attenuation in the
measured samples. The results have been interpreted in terms of neutron scattering theory.
For all three substances we have observed coherent scattering arising from the crystal lattice
structure, i.e. Bragg scattering.These data can be of great use for improving the scattering
kernels for cryogenic materials of interest as cold and ultracold neutron moderators.

The comparison between the data and theory for solid D2 indicates that the grown
samples have been in an intermediate state between random and oriented polycrystal. Ac-
cording to the measurements, the orientation of polycrystalline structure of grown solid D2

at 18 K gets destroyed while cooling down to 8 K, however some orientation still remains.
Even the samples grown from the gaseous phase are not random polycrystals. The data
also show that it is difficult to grow identical crystals, i.e. with the same Bragg scattering
pattern, even under very similar conditions. The average total cross section, however, is
not particularly sensitive to the crystal structure.

For solid CD4 we have observed no change in the shape of the total cross section curves,
in the Bragg region, between three solid phases at low temperatures. This is in agreement
with the crystallographic data i.e. all three phases have similar lattice constants. The
fact that the cross section doesn’t change with lowering temperature might indicate that
the sCD4 sample obtained at 28 K was a random polycrystal. On the other hand, the
comparison between the data and theoretical calculation shows a discrepancy between the
expected and measured Bragg cut-off, which could suggest some very specific orientation
of the crystal that is not sensitive to the temperature changes.

In contrast to solid CD4, for solid O2 we have observed the change in the cross section
shape with the phase change. Those observations could be explained by the different crystal
structures and thus different lattice parameters of α-, β-, γ-phases of solid oxygen. Above
the Bragg cut-off wavelength the cross section at low temperatures tends to 0, which is in
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agreement with the fact that oxygen (16O) has no incoherent cross section.



Appendix A

UCN polarization

During the experiments on UCN production from polarized cold neutrons on a solid ortho-
D2 target at FUNSPIN we investigated the conservation of polarization. As a result of the
first experiment [120], the polarization value of UCN is found to be consistent with full con-
servation of the intital polarization. However, the second experiment did not confirm those
results, probably due to the spin flippers fault. Here the results from the first experiment
are presented and described.

In order to measure the conservation of the polarization, we have used two radio-
frequency spin flippers (SF) which are integral part of FUNSPIN. We denote the UCN
count rate N00 in case both SF are off, N11 in case both are on and N01, and N10 accord-
ingly when one SF is on and the other one off. The wavelength averaged cold neutron
polarization of the beam region used was about 95 % [78]. The initial polarization vector of
the beam is vertical and was turned adiabatically into the horizontal beam axis direction.
Magnetic fields along the axis guided the neutron spins until the UCN polarization was
analyzed using a magnetized mirror (10 cm diameter Si wafer with 110 nm Fe sputtered
onto it). An arrangement of permanent magnets and a return yoke on the back of the
mirror allowed it to be fully magnetized in its central region, with some imperfections at
the edges. This was checked using the polarization option of the neutron reflectometer
AMOR at SINQ [121]. Figure A.1 shows the flow-through count rate of the UCN detector
for different SF configurations. The data for different SF states but same spin configura-
tions are consistent and can be added, e.g. N00,11 = N00 + N11. We extract a temperature
independent count rate asymmetry:

(N00,11 − N01,10)/(N00,11 + N01,10) = 10.24 ± 0.48% (A.1)

This value should be compared with the one expected for full polarization. In Figure A.2
we show the result of a simulation of the probability for UCN of a given velocity and
spin state to be transported from the target to the detector. The integral asymmetry
depends on the, apriori not known, velocity spectrum of the UCN escaping the D2 target.
Assuming a spectrum ∝ v2 (like a Maxwellian density spectrum) leads to an asymmetry
of 8.7%, for ∝ v3 (like a Maxwellian flux spectrum) one obtains 11.0%. Both, the rather
low analyzing power and the yet unknown UCN velocity distribution prohibit a strong
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Figure A.1: The UCN count rate as a function of D2 temperature for different configurations
of the two RF spin flippers as measured for two different sD2 crystals.

quantitative statement to be made based on these results. However, for realistic simulation
of the given setup it is hardly possible to reproduce larger asymmetries. This points to
very high UCN polarizations, at this point, clearly consistent with the initial cold neutron
polarization and little or no depolarization.
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Figure A.2: The simulated UCN transmission probability as a function of velocity and spin
direction.



Appendix B

Systematic Effects and Detector
Calibration

The time of flight spectra were taken for the full CN beam and during the measurements
with velocity selector (see 4.1.6). The sample CN spectra as a function of neutron energy
are shown in Figure B.1.

B.1 Cold Neutron Flux Measurements

The integrated CN flux incident on the target cell, for the full and velocity selected CN
beams, was determined by the gold foil activation method i.e. by using the reaction 197Au
(n,γ)198Au. The gold foils, of a diameter of 20 mm, were placed on the cryostat, on the
neutron beam entrance side (see Figure B.2), behind the velocity selector and irradiated
for a period of 200 s. After few days, 411 keV γ-ray activity A induced by irradiation was
measured on a HpGe γ detector system.

The netron flux φ per mA can be calculated using:

φ =
A

σ(v) NAu λAu

∫
Ipdt

(B.1)

where σ(v) is the cross section of 197Au for CN capture, which in the cold neutrons energy
range follows a 1/v law:

σ(v) =
vthσth

v
(B.2)

where vth = 2200 m/s and σth = 98.65 b are, respectively, the thermal neutron velocity
and absorption cross section. NAu is the number of Au atoms, which is calculated from the
known mass of the Au foils, and λ is the decay constant of 198Au:

λ =
ln 2
T1/2

(B.3)
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Figure B.1: Detector efficiency and proton beam charge corrected CN spectra at FUN-
SPIN. The full range spectrum was measured without velocity selector (VS) and show the
transmission of the empty target (solid black line). The other energy distributions were
obtained for various VS settings and normalized as the other spectrum. The CN flux was
measured with Au foil activation and is (4.6 ± 0.5) x 107 cm−2mA−1s−1 for the full spec-
trum. For the shaded spectra at 1.4 meV and 6.3 meV the measured flux is (1.7 ± 0.2) x
106 cm−2mA−1s−1 and (4.4 ± 0.4) x 106 cm−2mA−1s−1, respectively.
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Figure B.2: Top left corner: one of the pieces of the Cu foil used for the determination of
CN beam homogeneity. Thickness of the foil 0.2 mm, dimensions 61x65 mm. Bottom left
corner: The Au foil holder, the blue signs indicate the orientation of the holder (L-links,
R-rechts, O-oben, U-unten) and the direction of n beam). Picture on the right: @ symbol
indicates the place where the Au holder and Cu foils were glued, i.e. on the beam entrance
side of the cryostat after the velocity selector (red box in the left side of the picture).
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where T1/2 = 2.695 d is the half life of 198Au.
∫

Ipdt is integrated proton beam current
incident on the SINQ target during the time of the activation measurement. The obtained
results of the CN fluxes are collected in Table B.1.

Table B.1: Results from the Au foil activation measurements. The neutron fluxes are
measured in front of the target cell.

VS settings
Mean neutron energy Neutron flux φ [cm−2 s−1 mA−1]

tilt angle drum speed

-1.0 25 Hz 1.4 meV (1.7 ± 0.2)×106

-1.0 35 Hz 2.9 meV (3.0 ± 0.3)×106

+0.5 35 Hz 6.3 meV (4.4 ± 0.4)×106

+0.5 50 Hz 13.7 meV (2.4 ± 0.3)×106

+1.0 50 Hz 19.5 meV (1.4 ± 0.2)×106

no selector 2.0 meV (4.6 ± 0.5)×107

B.2 Count Rates in the CN Detector for an Empty Target
Cell

The results from the empty cell measurements are collected in the Table B.2

B.3 Determination of Homogeneity of the Target Cell Illu-
mination

The profiles of the CN beam at different velocity selector positions were measured with Cu
foils of 61x65 mm2 and a thickness of 0.2 mm. Natural copper consists of two isotopes 63Cu
(69%) and 65Cu (31%). After cold neutron activation of natural copper two radioactive
isotopes are produced 64Cu (t1/2 = 12.7h) and 66Cu (t1/2 = 5.12 min). The β activity of
the long-lived isotope 64Cu was measured using an imaging technique.
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Table B.2: The results of the empty cell measurements. The CN neutron
counts detected in the CN detector were normalised to the proton beam
hitting the SINQ target (typically 1000 s with 1.2 mA onto SINQ target)

VS settings
Mean neutron energy Neutron counts [C−1]

tilt angle drum speed

-1.5 20 Hz 0.75 meV (4.34 ± 0.01)×104

-1.0 25 Hz 1.4 meV (1.310 ± 0.002)×105

-1.0 30 Hz 1.7 meV (1.776 ± 0.003)×105

-1.0 35 Hz 2.9 meV (2.041 ± 0.003)×105

-1.0 46 Hz 4.7 meV (2.192 ± 0.003)×105

-0.5 50 Hz 6.9 meV (2.344 ± 0.002)×105

0.0 50 Hz 9.3 meV (2.230 ± 0.003)×105

no selector 2.0 meV (3.690 ± 0.026)×106

The Cu foils were placed on the cryostat 1 and irradiated for 980 sec. Twelve hours after
the irradiation, the samples were put on an imaging plate. The imaging plate is an image
sensor which contains photo-stimulable phosphor (BaFBr:Eu) layer. The β-radiation from
the decay of 64Cu excite the BaFBr:Eu to a metastable state. Then the exposed imaging
plate is scanned in the image scanner (see Figure B.3) using the focused red light from
a He-Ne laser. The photostimulated luminescence released by laser light is collected into
the photomultiplier (PMT) tube through the light collection guide. The signals from the
PMT are transmitted to the computer where the image analysis is done. The raw images
of the CN beam at different velocity selector settings are show in the Figure B.4 and the
corresponding beam profiles (horizontal cut and the surface 2D plots) are presented in the
Figures B.5 and B.6.

1At the same position as the gold foils.
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Figure B.3: The picture of the image plate scanner.
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Figure B.4: The raw pictures from the imaging plate after 23 hours of exposition. The mark
on each picture denotes the top of the CN beam. The values above each picture stand for
the mean neutron energy.
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Figure B.5: The horizontal profiles of the CN beam as seen by the Cu foils.



B.3 Determination of Homogeneity of the Target Cell Illumination 129

Figure B.6: The profiles of the CN beam as seen by the Cu foils (surface plot).
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B.4 Detector Efficiency - Summary

The expected 1/v dependence for the CN detector was confirmed by comparing, for the
same VS settings, gold foil activity and the empty cell count rates in the CN detector
(Figure B.7). The homogeneous illumination of the target at different VS settings has been
checked by performing Cu foil activation measurements.

Figure B.7: Comparison between the empty cell measurements and the gold foil measure-
ments. The scaled values versus velocity of cold neutrons. No velocity correction applied
neither to the activity of the gold foil nor to the empty cell measurements. The correlation
between gold foil activation and empty cell measurements is good corroborating that the
empty cell measurements have the velocity dependence similar like the gold foil activity i.e.
1/v
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B.5 Systematic Effects

The main contributions to the systematic uncertainties of the experiment come from two
sources:

• the bulged windows of the target cell

• instability of the beam line shutter

B.5.1 Beamline Shutter

The FUNSPIN beamline is equipped with two shutters: (i) the main beamline shutter, that
separates the internal beam guide of the cold neutron source SINQ from the guide system of
the FUNSPIN beam, and (ii) the failsafe shutter placed at the end of the FUNSPIN guide
system. The details of the FUNSPIN beamline construction can be found in [78]. The
opening and closing of the main beam shutter is controled by a stepper motor. During the
experiment, we have observed that this mechanism sometimes failed, causing the shutter to
stick in the wrong (open) position, thus changing the cold neutron flux by approximately
20% (see Figure B.8). The correction for this effect could be easily made by knowing the
moment of entering into the FUNSPIN area.

B.5.2 Neutron Windows

In the neutron beam axis, the target cell has an entrance and an exit window 40 mm
apart, each with thickness of 0.15 mm and a diameter of 40 mm. These thin reentrant
windows have been machined out of rods of AlMg3, together with the flanges with which
they form single pieces. During the experiments, the windows must typically withstand
a pressure of 1 atm relative to the vacuum. However, most probably due to the slightly
higher pressure created in the target cell during melting the solids, both the exit and the
entrance neutron windows bulged, resulting in elongation of the initial neutron path in the
target cell. The effect of this shape alteration is shown in Figure B.9. The estimation of the
’bulge’ effect is important, especially for the determination of the CN total cross sections
from the CN transmission data. This is done by measuring the depth of the deformation
at different locations (in the middle and on the edges of the window). The bulge results
in (1.5 ± 0.1) mm and (1.3 ± 0.1) mm elongation for the entrance window and the exit
window, respectively. The elongation of the neutron path needs to be taken into account
during the analysis. Since there was not a well defined moment when the windows bulged
(most probably it was an continuous process, i.e. after each crystal melting some shape
deformation was present) the systematics connected with the influence of the window shape
on the detected CN flux is estimated to be on the level of 7%.
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Figure B.8: The typical CN spectra (red solid line) and the CN spectra taken with the main
beamline shutter in the wrong open position (black dashed line). The insert shows the ratio
of the two spectra indicating that the CN velocity distribution is also slightly changed.
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Figure B.9: An alteration of the shape of the neutron window by pressure. The new window
is shown on the right, the deformed one on the left.
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