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ABSTRACT

Inelastic neutron scattering with emphasis on energetically low lying modes as well as
cold neutron leakage measurements have been performed on four prospective advanced cold
moderator materials. Employing the time-of-flight instrument SV29 at the Julich FRJ-2 re-
actor, spectra have been obtained from synthetic methane clathrate, letrahydro-furane (THF)
clathrate, 1,3,5-trimethyl-benzene (mesitylene) and light water ice at several temperatures
between 2 K and 70 K. Clearly separated excitations at energy transfers of ±1 meV, +2 meV
and +3 meV have been observed with synthetic methane clathrate. In mesilylene a wealth of
low lying excitations have been observed. In the quenched phase we found lines al 4.7, 7.2,
9.6, 13.6, 15.4, 18.4, 19.0, 23.0, 29.5 and 34.3 meV, respectively. In the annealed phase, we
observed significant shifts with the majority of lines. The lowest lying lines now are located al
7.0, 8.5 and 10.5 meV, respectively. In hexagonal ice at T = 2 K up to now unreporlcd low
lying energy levels were found at energy transfers of 1.8 meV and 2.8 meV. An additional
line at about 10 meV could be detected in THF clathrate. Mesilylene, synthetic methane clath-
rate and water ice, all at T = 20K, have been tested as moderators at the Julich spallalion
mock-up JESSICA. The expected gain in neutron leakage current at energies around 2 meV as
compared to conventional liquid hydrogen moderators has been observed for methane clalh-
rate and mesitylene.

I. INTRODUCTION

The motivation for the investigations described in this paper is the development of ad-
vanced cold neutron moderators in particular with respect to pulsed spallation sources. Solid
methane at low temperatures, e.g. T = 20 K, is generally considered the best moderator me-
dium for cold neutron sources [I], [2], [3]. In contrast to liquid hydrogen al the same tem-
perature it experimentally exhibits a Maxwellian spectrum with a "neutronic" temperature of
about 23 K. The observation that neutrons are virtually in thermal equilibrium with methane
at this temperature is attributed to the low lying energy levels, which in turn are believed to be
due to the free rotations of a limited number of methane molecules in the solid phase. In addi-
tion, methane has a 70 % higher proton density than liquid hydrogen (Table 1), which yields a
much more efficient slowing down of fast neutrons. As a consequence of both properties of
methane an intensity gain of a factor of 3 to 4 at neutron energies around 2 meV as compared
to liquid hydrogen has been observed as can be seen from Fig. 1.
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A not quite as perfect cold spectrum is observed with water ice at 20 K. On the other
hand, ice shows an extended slowing down spectrum covering the so-called thermal neutron
energy range (ambient temperature regime). This would entail narrower neutron pulse widths
(better resolution for time-of-flight spectrometers) than those obtainable from common ambi-
ent temperature water moderators at pulsed neutron sources.

Therefore, a combination of methane and water ice at low temperatures could be the
ideal moderator over a broad energy range from 2 meV up to, say, 100 meV. Indeed, there are
inclusion compounds of gases or other molecules in water, the clathrates, which might exactly
serve this purpose. A well-known example is methane clathrale, a substance, which even oc-
curs on the deep sea floor. Unfortunately, it is only stable under these conditions (high pres-
sure and/or low temperature). On the other hand, inelastic neutron scattering on a few samples
of natural deep sea methane clathrates revealed the same low energy levels |4|, which have
been discovered long ago with solid methane [51.
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Figure 1. Comparison of measured cold neutron fluxes from various moderators [from ref. 11

Since the proper composition of natural methane clathrate is not predictable, we investi-
gated the spectral properties of synthetic material approaching the nominal stoichiometrie ra-
tio of one methane molecule per 5.75 water molecules. The results of the inelastic neutron ex-
periments are presented below.

Due to the difficulties with methane clathrate, it seems worthwhile, on the other hand, to
search for easier to handle alternatives. In addition to simple operation parameters many
methyl groups and/or high proton densities are usually necessary for good moderation
performance. The relevant physical properties of a few candidate materials are compiled in
Table I. Due to the technical problems with the synthesis of methane clathrale (30 bars at
70 K), we also investigated a compound easier to produce, tetrahydrofurane (THF) clathrate.
The room temperature liquid THF (C4HSO) and water mix easily and form an inclusion com-
pound at 6°C. This hydrate, composed of one THF per 17 water molecules, can thereafter
easily be cooled down to cryogenic temperatures. In order to complete our studies with re-
spect to searching for low lying excitations in solid cryogenic moderator media we also meas-
ured water ice and mesitylene (1,3,5-trimethyl-benzene). The latter contains three methyl
groups, which if unhindered to rotate may be the reason for the observed good moderation
performance (compare Fig. I).
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Water ice may still be a candidate for pulsed sources for reasons described above.
Furthermore, water ice not only is simple to produce, but at temperatures as low as 5 K has an
extremely high thermal conductivity, which is important for removing the power deposited
by the primary neutron source (nuclear heating). Unfortunately, it has recently been observed
that the conductivity is drastically reduced by radiation defects [6].

Table 1. Physical parameters of selected cold moderator materials

methane

CH4-
hydrate
H2O-ice

THF-
hydrate
mesitylene

density
[g cm"3]

0.47

0.95

0.93

0.90

0.87

prolon
density
[10J' cm"3]
0.70

0.72

0.62

0.60

0.44

melting
point [K]
at 0.1 MPa
90

160**

273

278

220

boiling
point | K]
at 0.1 MPa
164

373

(373)

437

thermal
conductivity
[W/m/K]
0.4

0.1

150*

0.05

•)

radiation
resistance

+ ?

Simplicity

+ + +

+ + +

THF (tetrahydrofurane, C4H«O); Mesitylene (1,3,5-trimethyl-bcnzcne): * at T = 5 K; ** stability limit

2. EXPERIMENTAL

2.1 Sample preparation

Methane clathrate has been produced in a high pressure reaction chamber at a
temperature in the vicinity of 273 K; the first part of the reaction took place slightly below the
ice melting point, the second part of the reaction slightly above. The reaction chamber has
been pressurized with methane gas of 60 bars. Water had been sprayed through narrow
nozzles into the cooled chamber. The clathration reaction lasted for 48-72 hours, yet most of
the transformation took place in the first hours of reaction. .Subsequently, the product has been
removed and stored at liquid nitrogen temperatures. Details of the procedure are published
elsewhere [7]. The important point is that the production scheme for methane clalhrale
developed in Gottingen not only yields the desired qualily with respect to the microscopic
properties, but also is suitable for mass production.

The latter is of utmost importance for a real cold neutron source, where amounts of the
order of one liter are required for the moderator volume proper and another 10 to 20 liters for
the necessary loop. In fact, for the moderator experiments described below, about 900 g of
this compound were used. Tetrahydro-furane (THF) clathrate has been formed by mixing
water and THF at room temperature in a mass ratio of 17 water molecules per one THF
molecule and cooling the solution to below 6°C, where it solidifies. In order to obtain pellets,
the solution was dripped into liquid nitrogen. Ice as well as solid mesitylene have been
produced by simply cooling the room temperature liquids below their freezing points,
respectively. With mesitylene we have applied two different cooling rates in order to obtain
different crystallographic structures, which are believed to influence the rotational freedom of
the methyl groups [8].
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2.2 Inelastic neutron scattering

The experiments have been conducted at the time-of-flight spectrometer tor thermal neutrons.
SV29 at the FRJ-2 reactor. In order to find the respective optimum range for energy transfer with
simultaneously obtaining the required energy resolution, the measurements have been performed with
three different incoming energies, 7 meV. 26 meV and 41 meV and various scattering angles. Samples
have been measured with Hal aluminium vessels, 3 cm by 7 cm wide and 0.1 and 0.2 cm thick, the
latter used for the granular methane clathrale. Measurements have been performed between 2 K and
70 K using a closed cycle crystat. A distinct separation from the elastic line of the expected lowest
energy levels of the order of meV (e.g. for methane clathrate, +1 meV, +2 meV and +3 meV) was
possible with 7 meV, as can be seen in Kig. 2.

2.3 Cold neutron leakage current measurements

In order to assess (he different performances of methane clathrate, ice and mesilylene
moderators, respectively, we have performed neutron leakage current measurements at the
Jiilich spallation source mock-up JHSSICA. The measurement of the leakage spectrum of
THF clalhrate has not been included in these studies so far. We have used the same moderator
vessel for the three media quoted above. Therefore the results do not necessarily provide in-
formalion on the optimum performance of the investigated materials. In the experiments I (is
long pulses of 1.3 GeV protons are deposited into a 70 liter mercury target and the fast neu-
trons generated in and emitted from this target are partly intercepted and slowed down in the
adjacent moderator materials. The volume of the moderator vessel is of the order of one liter
with the dimensions 15x12x5 cm3 (widthxheightxthickness). The largest face of the vessel is
viewed by the neutron detector located about 5 m from the moderator. The media are cooled
down to 20 K by a closed cycle refrigerator. The energy distribution of the slow neutrons
leaking from the moderator is measured by a time-of-flighl technique and transformed to the
energy afterwards. Background is measured by placing a boron carbide (B4C) absorber in the
neutron tlight path and these data subtracted from the leakage current data. The JHSSICA and
cryogenic installations, respectively, are described in more detail elsewhere |9], 110].

3. RESULTS

3.1 Inelastic neutron scattering

3.1.1 Synthetic methane clathrate

The inelastic spectra from synthetic methane clalhrate taken at live different
temperatures between5 K and 70 K are shown in Fig. 2. With an incoming neutron energy of
7 meV a clear separation of the expected lowest rotational levels for methane clathrate
(±1 meV, +2 meV and +3 meV) from the elastic line was possible with. It should be noted
that at the highest temperature of 70 K the discrete lines of the free rotations are smeared out
to a quasi-elastic line due to diffusional motions. The energies of the observed lines at the
lowest temperature corresponds perfectly to the lines found with natural deep sea methane
clathrate |4 | .
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Figure 2. Inelastic spectra from synthetic methane elathrale at 5 different temperatures (K,, = 7 meV.
8K = 0.4meV:Ql,= 2.9A l).

3.1.2 Tetrahydro-furane (THF) clathrate

The spectrum from THF clathrate is shown in Fig. 3. It exhibits a feature at about
AE = 10 meV not present in pure ice (compare Fig. 5 below) and therefore attributed either lo
the THF molecule embedded in the ice or to the different crystalline structure of the inclusion
compound. With improved resolution due to the lower incoming neutron energy of 7 meV we
investigated the lowest energy transfer regime. The results are shown in Fig. 4. The observed
peaks at energy transfers of about 1.8 meV and 2.8 meV, respectively, we have observed in
ice as well.
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Figure 3. Inelastic spectra up to 20 meV from THF clathratc at T = 2 K and for three different
scattering angles (E,, = 26 meV, 8K = 2.1 meV; Q,, = 3.0: 3.9 and 5.8 A"1 resp.).
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Figure 4. Inelastic spectra at the lowest energy transfers from THF clulhrate at T = 2 K and for three
scattering angles (F,, = 7 meV, 5K = 0.4 meV; Q,, = 1.5; 1.9 and 2.9 A"' resp.).

3.1.3 Hexagonal ice

The results for hexagonal ice, which is usually obtained by cooling down light water
slowly to cryogenic temperatures, are shown in Figures 5 and 6 for different energy transfer
regimes, respectively, but at a temperature of 2 K in both cases. To our knowledge there has
been no report in the literature about an observation of these low energy modes in ice. The
physical origin of these excitations is not understcxxl yet.

Figure 5. Inelaslic spectra from ice at T = 2 K and for two scattering angles (K,, = 41 meV,
5K = 4 meVi Qlp = 4.8 and 7.2 A ' resp.). Note that the line at 10 meV observed with THF daihrutc is
missing in ice (comp. Fig. 3).
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Figure 6. Inelastic spectra from ice at T = 2 K and for two scattering angles (K« = 7 mcV.
8E = 0.4 meV: Q,, = 1.9 and 2.9 A ' resp.).

3.1.4 Mesitylene

It has been observed that mesitylene forms different low temperature crystalline
modifications depending on the rate of cooling [11]. The crystalline phase obtained by slow l\
cooling down (at a rate of I to 2 K per minute only) is supposed to form a structure with high
barriers against free rotations of the methyl groups. This assumption should be visible in dif-
ferent differential inelastic neutron cross sections. Therefore we performed scattering experi-
ments from a quenched mesitylene specimen as well as one, which was subject to a particular
cooling and annealing treatment suggested elsewhere (81. The results are shown in Figure 7.

A

Figure 7. Inelastic spectra from mesitylene at T = 2 K. Circles denote data taken with the quenched
sample, and crosses taken with the sample annealed for 8 hours just below the melting point and
cooled down slowly afterwards. (K,,= 26 meV, 8R = 2.1 meV: Qo= 3.0 and 5.8 A"1, respectively).
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3.2 Moderator performance

The results obtained with JHSSICA spallalion neutron source mock-up are shown in
Fig. 8. The data have to be considered preliminary, because no shape and size optimizations
of the moderator vessel have been attempled so far. The only correction applied to the spectra
in Fig. 8 is the normalization lo the same mass densities of the moderator materials. However,
increased intensity compared to ice for methane clathrate and mesitylene at energies below
about 5 meV is evident. Compared to mesitylene, on the other hand, methane clathrale
exhibits increased intensity in the thermal energy range as expected due to the existence of the
ice host (compare section I). Due to the low statistical accuracy of the present data for
energies below about 3 meV and the missing geometrical moderator optimization a decision
upon the superiority of either the clathrate or mesitylene can not be made at this point.

4. CONCLUSIONS

Synthetic methane clathrate has been found to exhibit the rotational energy levels of
solid methane rendering it the potentially optimum cold moderator material, because it com-
bines the excellent slowing down properties of solid methane at the lowest energies with those
from water ice at thermal energies. So far unknown energy levels close to those observed with
methane have been detected in ice suggesting that they are responsible for the comparatively
good slowing down properties of this material. The same energy levels as in ice have been
found in THF clathrate as well as an additional line at 10 mcV. Whether this line has any im-
portance for an improved moderation behavior of THF clathrale is not known yet. because
cold neutron spectra have not been measured so far.
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Figure 8. Knergy distribution of cold neutrons emitted from ice, mesitylene and methane clathrate
moderators, respectively, measured at the Jiilich spallalion source mock-up JKSSICA. The enhance-
ment of the intensity compared to ice al the lowest energies attributed to methane in the clathrate as
well as the methyl groups in mesitylene is clearly seen.
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The wealth of low lying energy levels of mesitylene may well explain the favorable spectra
observed already in the past as well as in the present investigations. Due to the intriguing
simplicity in handling the room temperature liquid, mcsitylene has to be considered a serious
candidate material for an advanced cold neutron source. Simplicity may play another impor-
tant role with respect to heal deposition in any of these materials in a future multi megawatt
spallation neutron source. Any of the materials investigated in this study have to be in granu-
lar form. Pellets can be easily produced from substances, which are liquid at room tempera-
ture like water, mesitylene or THF-clathrate. Methane clathrate has been produced as pellets
for these experiments, and it does not seem to be impossible to extend the scheme used here-
to a real mass production.
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