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We report measurements of the energy dependence of the total neutron scattering cross-section of CH4

both in bulk and confined in aerogel glass for neutron energies between �0:3 and �200 meV. Solid CH4 in
phase II is an effective slow neutron moderation medium. Aerogel glass is one example of a broad class of
disordered porous media with a large internal surface area. Many disordered materials possess excess
low energy modes which have been seen in neutron scattering, and it is known that the confinement
of materials inside porous media can produce modifications of the thermodynamic and excitation prop-
erties large enough to influence the neutron scattering cross-section. Our measurement shows that the
confinement of the methane in pores of aerogel modifies the energy dependence total cross-section rel-
ative to bulk CH4.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

For materials used as neutron moderators, methane ðCH4Þ is
particularly interesting. Its molecular structure is relatively simple
and easily studied. Due to its high hydrogen density and high den-
sity of states available for inelastic excitations of the free rotor
mode at low temperature, solid methane is the brightest known
moderator medium for cold neutron sources [1]. Methane mole-
cules possess different modes of motion in the solid phase [2].
The CH4 tetrahedron can rotate more or less freely about the
molecular center; the whole molecule can oscillate in the crystal-
line field; and the hydrogen atoms of the CH4 tetrahedron can vi-
brate about their equilibrium positions of the molecule. Different
characteristic energies are needed for incident neutrons to excite
these three modes of motion of the methane. When the energy
of the neutrons is lower than 6:5 meV, only free or hindered rota-
tions of methane molecules can be excited. When the energy is
higher than 6:5 meV, phonons become involved. When the energy
is higher than 165 meV, the molecular vibration modes will be ex-
cited The scattering function SðQ ;xÞ is given by [2]:

SðQ ;xÞ ¼ SrotationðQ ;xÞ � SoscillationðQ ;xÞ � SvibrationðQ ;xÞ ð1Þ

When the temperature of solid methane is lower than 20:4 K
and the pressure is low enough (i.e. 1 bar), methane is in phase
II. In phase II of solid methane, for neutron energy lower than
6:5 meV, the rotational energy levels are particularly interesting.
Due to the increased molecule–molecule interaction, the methane
All rights reserved.
molecules form a fcc lattice (Fig. 1). The interaction between the
molecules is an octopole–octople interaction of the form �ða=rÞ7

where r is the distance between the molecules and a the CH dis-
tance of the molecule. Since ða=rÞ7 � 1� 10�4 is very small for
methane, the molecules dominantly interact with their nearest
neighbors [3]. 1=4 of the molecules (the center one in Fig. 1) in a
Oh symmetry field where the octopole interactions add to zero
can still rotate freely. The remaining 3/4 of the molecules librate
in a D2d symmetry crystal field. The rotation energy levels of
Oh and D2d molecules are shown in Fig. 2. From Fig. 2, it can be
seen that the rotational energy levels of the D2d molecules are
strongly shifted compared to the freely rotating Oh molecules
due to the strong molecule-molecule interaction in the solid phase.
These low energy rotational levels makes it more effective for
slowing down neutrons compared to other possible moderator
materials like C2H6 and H2O [4].

Additional low energy modes can be induced in materials in the
presence of strong disorder. It is known that disordered materials
like glasses typically possess an excess of low energy modes re-
ferred to as the ‘‘Boson peak’’ [5,6] which are observed in several
types of measurements, including neutron scattering. The typical
excitation energy of these modes in disordered materials is of or-
der 1 meV. If such modes could be created in a cold hydrogen-rich
system like methane with sufficient intensity, they could be very
useful in a slow neutron moderator.

Methane is used as a moderator material for LENS (Low Energy
Neutron Source) [9,10] at Indiana University Cyclotron Facility
(IUCF). When the moderator temperature is low, the neutron
absorption cross-section by hydrogen nuclei increases with slow-
ing down of the neutrons, thus the slower neutrons are absorbed
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Fig. 1. Crystal structure of solid methane in phase II.
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more and the neutron temperature will be higher than the moder-
ator temperature [4,11]. Since the hydrogen absorption cross-sec-
tion cannot be changed, the only hope to improve the
moderation efficiency is to modify the scattering cross-section.

We measured the energy dependence of the total neutron cross-
section of solid methane confined in aerogel glass. Aerogel is a very
porous glass. It is composed of more than 99% air and less than 1%

silica. The pore sizes ranges from 50 to 500 Å. The interactions the
surface molecules feel are different with the ones inside the bulk. A
Fig. 2. Energy levels of Oh and D2d molecules.
large fraction of the methane molecules interact with the aerogel
surface.

It is known that confinement inside a porous medium can sup-
press the liquid-solid transition temperature relative to its bulk va-
lue [12–14] and that the size of these effects can be significant:
studies of H2 in Vycor, another disordered porous glass, have ob-
served suppression of the freezing temperature down to 8 K [15–
19]. Areogel itself is sufficiently disordered to possess a boson peak
mode [7,8]. The rotational spectral of H2 absorbed on single walled
carbon nanotubes were observed to be different with bulk H2 [23].
The hope is that the confinement of the methane inside a porous
medium might create new rotation modes and oscillation modes
which will change the neutron scattering cross-section enough to
affect neutron moderation.

2. Total cross-section measurement

Fig. 3 shows the experimental setup for the total cross-section
measurement. There are two neutron monitors with the sample
between them. We determine the total cross-section using the ra-
tio between the transmitted neutron intensity with and without
the addition of the methane to the target chamber from the
expression

e�n�r�d ¼ C 02
C 01
� C1

C2
ð2Þ

where n is the target density, d is the target thickness, r is the total
cross-section, and C1; C

0
1;C2;C

0
2 are the background-subtracted

counts in the monitors 1 and 2 without and with the methane,
respectively. This formula assumes that there is no contribution of
scattered neutrons to the monitors. For this reason we introduced
a boron nitride collimator of diameter 0.64 cm covering a solid an-
gle of 6� 10�4 right in front of monitor 2. The transmission e�n�r�d

for the available cell is found to be �70% at a neutron energy of
� 165 meV. With this transmission and the solid angle acceptance
of the detector we estimate a relative uncertainty in the transmis-
sion of order of 10�5 for isotropic scattering which will cause the
a relative error of a few tenths of a percent for the total cross-sec-
tion. To estimate the size of a possible contamination of the signal
from small angle scattering from density fluctuations on the order
of the size of the pores in the areogel, we suppose that methane
confined in aerogel forms spheres with radius 5 nm. Using the sim-
ple model in [22], we estimate that the possible error in the trans-
mission measurement from small angle scattering is less than 5%

for neutron energies higher than 1 meV. Both of these estimates
introduce negligible uncertainties over the range on energies of
interest in our measurement.

3. The target system

The full target system consists of the cell which contains meth-
ane, the refrigerator which cools the cell to low temperature, the
temperature-controlled heater which can heat the cell and the fill
line, and a turbopump and two mechanical pumps to pump the
vacuum and corresponding tubing. The cryogenic target and gas
handling system is shown in Fig. 4. The cryostat vacuum chamber
is an aluminum tank of diameter 28 cm and height 64 cm with two
windows for the neutron beam, one made from silicon and one
from aluminum. The turbopump and two mechanical pumps evac-
uate the gas handling system, the vacuum chamber, the target cell
and the dump tank. The target cell is a rectangular aluminum con-
tainer of dimensions 10 cm� 12:4 cm� 0:22 cm ¼ 0:027L with a
thin fill tube ðOD : 0:16 cmÞ. The cell is composed of an aluminum
frame and two aluminum windows each of thickness 0:5 mm. The
temperature of the cold head, the cell, the first stage of the refrig-



Fig. 3. Schematic drawing of the experimental setup.

Fig. 4. Schematic drawing for the GHS.
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erator, and the filling tube near the cell and near the first stage
were measured by silicon diode temperature sensors. The target
can be cooled to 4 K by the refrigerator. A dump tank stored the
target gas during cell filling and stored the target gas after the
experiment.

An electric heater of resistance 25 X and maximum power 25 W
was installed near the cold head. The current through the heater
was controlled by a temperature controller and a temperature as
high as 200 K could be reached during the experiment. Special
heating wire was wound and glued on the fill tube to prevent
the target gas solidification which could block the tube during fill-
ing or venting.
4. Measurements and data analysis

The transmission measurement was done on the SANS beam-
line at LENS. The transmission through solid CH4 was measured
first with the cell empty and then full of methane. The temperature
of the methane was 7 K. The cell was then filled with aerogel and
then filled again with methane. The temperature of the methane
confined in the aerogel reached 5 K. Note that one must be aware
of the issue of the spin conversion of the protons in the methane in
order to properly interpret the experimental results. The spin tem-
perature of the molecules need not be in thermal equilibrium with
the surroundings. For the free rotors, the conversion rate is
31—40% per hour, for the hindered rotors the rate is at least
1000 times slower [21]. For each measurement, the cooling and
waiting time was intentionally chosen to be at least 5 h so that
the free rotors will be in thermal equilibrium but the hindered ro-
tors will not. The contribution of the aerogel itself to the neutron
attenuation is negligible because of the 1% fraction of the volume
occupied by the aerogel and the small neutron cross-section for
the material in the aerogel ðSiO2Þ compared to the hydrogen in
CH4. The neutron energy was determined by the time of flight
(TOF) method. The signal in the monitors from the prompt flash
of fast neutrons and gammas was used to set the zero time channel
in the monitor multichannel analyzer spectra.
5. The cross-sections

Due to the deformation of the thin windows of the target cell
and the possibility that the density of the bulk methane and the
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methane confined in aerogel could be different, the exact value of
the product nd in Eq. (2) for the two measurements is not known
precisely. Still we can compare the neutron energy dependence
of the total cross-section by fitting the cross-sections to theory.
For the bulk methane data, we chose a value of nd to match the
cross-section inferred from the transmission data to the previous
measurement at one neutron energy. With this choice, the neutron
energy dependence of the cross-section shown in Fig. 5 fits well
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Fig. 5. Cross-sections for bulk metha
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Fig. 6. Cross-sections of confined methane fi
both with the theory and with the previous measurements of Grie-
ger et al. The neutron total cross-section for confined methane is
shown in Fig. 6 for a particular choice for nd which matches the
bulk methane data at high neutron energy. A comparison between
bulk methane and confined methane total cross-section is shown
as Fig. 7. It can be seen that the energy dependence of the cross-
section strongly deviates from the theoretical prediction and the
experimental data for bulk methane. The deviation of the cross-
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Fig. 7. A comparison between bulk methane and confined methane.
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sections cannot be explained by only adjusting the parameter nd.
Though the temperatures are different by 2 K, this difference
makes a much smaller change in the cross-section based on our
model for the temperature dependence of Sðq;xÞ for bulk phase
II methane. If we match the high energy data to the prediction
for bulk methane, the low energy cross-section of the confined
methane is greater than that for bulk methane by 20%.

This is the neutron energy regime where the main contribution
to the cross-section is coming from either the rotational modes or
possibly other low energy modes that are of special interest for
neutron moderation. In this measurement we cannot tell what
microscopic structural or dynamical modification of the confined
methane is causing this increase of the cross-section. If the origin
for the increased cross-section is dynamical, it is presumably the
rotational modes of the CH4 groups which are being influenced.
Since it is known from theoretical work that the rotational modes
in phase II solid methane are largely responsible for the inelastic
component of the total cross-section in this regime, this is not
unreasonable. Alternatively, the disorder in the methane induced
by the aerogel might liberate new low energy modes as is seen
in several other materials. The size of the effect in the total
cross-section is large enough that, if due to a change in the low en-
ergy inelastic modes, it could have a significant effect on neutron
moderation and is therefore worth further investigation.
6. Conclusions and discussions

We report a measurement of the energy dependence of the total
neutron scattering cross-section of CH4 confined in aerogel glass
and bulk methane for neutron energies between � 0:3 and
�200 meV. We observe that the energy dependence of the total
cross-section of confined CH4 is quite different from bulk CH4. If
we match the cross-section data from bulk and confined methane
at high energy, our measurement is consistent with an increase in
the total cross-section relative to bulk CH4 by about 20% in the cold
neutron energy regime. We believe that our work strongly moti-
vates a more detailed experiment to measure the inelastic cross-
section in confined CH4 in the slow neutron regime.

Acknowledgements

This work was supported through Grants from the National Sci-
ence Foundation (NSF PHY-0758018 and PHY-0457219). We thank
Paul Sokol for the loan of the cell and the refrigerator used in this
measurement.

References

[1] Yunchang Shin, C.M. Lavelle, W.M. Snow, D.V. Baxter, X. Tong, H. Yan, M.
Leuschner, Nuclear Instruments and Methods A 620 (2010) 375.

[2] S. Grieger, H. Friedrich, K. Guckelsberger, R. Scherm, W. Press, The total
neutron cross section of solid methane in phase II, Journal of Chemical Physics
109 (1998) 3161.

[3] H.M. James, T.A. keenan, Theroy of phase transitions in solid heavy methane,
The Journal of Chemical Physics 31 (1959) 12.

[4] K. Inoue, Y. Kiyanagi, H. Iwasa, An accelerator-based cold neutron source,
Nuclear Instruments and Methods 192 (1982) 129.

[5] M. Giordano, D. Leporini, M.P. Tosi (Eds.), Non Equilibrium Phenomena in
Supercooled Fluids Glasses and Amorphous Materials, World Scientific,
Singapore, 1996.

[6] M. Rubı́, C. Pérez-Vicente (Eds.), Complex Behaviour of Glassy Systems,
Springer Lecture Notes in Physics, Springer, Berlin, 1997.

[7] U. Buchenau, M. Prager, N. Nucker, A.J. Dianoux, N. Ahmad, W.A. Phillips,
Physical Review B 34 (1986) 5665.

[8] A. Fontana, F. Rocca, M.P. Fontana, B. Rosi, A.J. Dianoux, Physical Review B 41
(1990) 3778.

[9] D. Baxter, J. Cameron, V. Derenchuk, C. Lavelle, M. Leuschner, M. Lone, H.O.
Meyer, T. Rinckel, M. Snow, Status of the low energy neutron source at Indiana
University, Nuclear Instruments and Methods in Physics Research B 241 (2005)
209.

[10] Neutronic Design and Experimental Benchmarking of the IUCF Low Energy
Neutron Source (LENS) Performance C.M. Lavelle et al. Nuclear Instruments
and Methods in Physics Research Section A 587 (2–3) (2008) 324.

[11] K. Inoue, Slowing down of neutrons to very low temperature by cold solid
hydrogenous moderators, Journal of Nuclear Science and Technology 7 (1970)
580.

[12] D.D. Awschalom, J. Warnock, Physical Review B 35 (1987) 6779.
[13] E.D. Adams, Y.H. Tang, K. Uhlig, G.E. Haas, Journal of Low Temperature Physics

66 (1987) 85.
[14] J.G. Dash, Journal of Low Temperature Physics 89 (1992) 277.



430 H. Yan et al. / Nuclear Instruments and Methods in Physics Research B 269 (2011) 425–430
[15] Y. Kondo, M. Schindler, F. Pobell, Journal of Low Temperature Physics 101
(1995) 195.

[16] Y. Wang, W.M. Snow, P.E. Sokol, Journal of Low Temperature Physics 101
(1995) 929.

[17] P.E. Sokol et al., Appl. Phys. Lett. 61 (1992) 777.
[18] M. Schindler, A. Dertinger, Y. Kondo, F. Pobell, Physical Review B 53 (1996)

11451.
[19] E. Molz, A.P.Y. Wong, M.H.W. Chan, J.R. Beamish, Physical Review B 48 (1993)

5741.
[20] Y. Shin, Studies in Neutron Phase Space Cooling for Cold and Ultra-cold
Neutron Sources, Ph.D, Thesis, Indiana.

[21] A.J. Nijman, A. John Berlinsky, Theory of nuclear spin conversion in the b phase
of solid methane, PRL 38 (1977) 408.

[22] V.V. Nesvizhevsky, G. Pignol, K.V. Protasov, Nanoparticles as a possible
moderator for an ultracold neutron source, International Journal of
Nanoscience 6 (6) (2007) 485.

[23] D.G. Narehood, M.k. Kostov, P.C. Eklund, M.W. Cole, P.E. Sokol, Physical Review
B 65 (2002) 233401.


	A measurement of the change of the energy dependence of the total cross-section  of phase II solid methane from confinement in aerogel glass
	Introduction
	Total cross-section measurement
	The target system
	Measurements and data analysis
	The cross-sections
	Conclusions and discussions
	Acknowledgements
	References


