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Outline 

• Spallation Source Moderators 
• Spallation Source Needs 
•  Tooling Needs 
• Spallation Source Capabilities for Sab effort 
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SNS Moderators 

Keen interest in materials offering 
fast moderation and thermalization 
to cold and thermal energies with 
good radiation behavior 
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(a) 

 
                                           (b)                                                             (c) 
Figure 2.  The horizontal profile (a) and vertical profiles of the top upstream moderator (b) and the 
top downstream moderator (c).  
 
The upstream moderator at the bottom is an ambient water moderator.  The 
effective thickness of the water is 4 cm.  Similar to the one at the top, the water 
moderator is also decoupled with 2 mm Cd and is poisoned with 1.2 mm Gd.  The 
poison sheet is inserted asymmetrically providing a 1.5-cm-thick water layer at 
the downstream side (viewed by BLs 7-9) and a 2.5-cm-thick water layer at the 
upstream side  (viewed by BLs 16-18).  Inside the water moderator, as shown in 
Fig.3 there is a baffle structure, which is designed to efficiently direct the water 
flow. 
 

 
                       (a)                                                                     (b) 
Figure 3. The horizontal profile (b) of the bottom moderators and the vertical profile of the bottom 
upstream moderator 
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SNS Neutron emission-time distributions 
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Figure 6.  Emission time distributions at 4.5 meV calculated in the reference dataset for 
the SNS moderators 
 
 
 

 
Figure 7.  Emission time distributions at 31.6 meV calculated in the reference dataset for 
the SNS moderators  
 
To better analyze the pulse shapes of the SNS moderators, their FWHM, 
pulse peak intensity, RMS and emission time spectra are presented in Figs. 

8-11.  The FWHM in the epithermal region of a moderator is , 
where ξ is the mean logarithmic energy change per collison and ν is the  
 

∝ (ξΣ
s
υ)−1
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STS Coupled cold moderator performance 

•  The TDR configuration maintains the gains seen in the 
single moderator optimization studies 
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Material alternatives to H2O and lq. H2? 

•  Interest in moderator, pre-moderator and reflector 
materials 

• For moderator and pre-moderator: 
–  Higher hydrogen density 
–  Richer low-energy inelastic modes 

• For moderator: 
–  Colder neutron spectra (VCN, feeding UCN) 

• Constraints 
–  Heat removal 
–  Radiation resistance  

• Candidates 
–  (Methane), ammonia, hydrides, MOFs 
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Small Angle Scattering to be added to 
scattering kernel? 

• Diffusor for neutron beams 
to smooth gaps in 
divergence profiles 

• Reflector enhancements by 
small angle scattering 
diamond nano-powder 

CG1 measured and simulated 
neutron distribution at guide exit 

Materials 2010, 3              
 

 

1772

from powder, by isotopic substitution of hydrogen by deuterium, or/and by cooling a trap to a 
temperature, at which the inelastic up-scattering of VCN at hydrogen is strongly suppressed.  

Figure 1. The elastic reflection probability for isotropic neutron flux is shown as a function 
of the neutron velocity for various carbon-based reflectors: (1) Diamond-like coating 
(DLC) (thin solid line), (2) The best supermirror [50] (dashed line), (3) Hydrogen-free 
ultradiamond powder with the infinite thickness (dotted line). Calculation. (4) VCN 
reflection from ͵ܿ݉  thick diamond nano-powder at ambient temperature (points), with 
significant hydrogen contamination [49]. Experiment. (5) MCNP calculation for  
reactor graphite reflector [47] with the infinite thickness at ambient temperature (dashed-
dotted line). 

 
 

3. Quasi-Specular Reflection of Cold Neutrons from Nano-Dispersed Media at Above-Critical 
Angles 

Now, let’s consider faster neutrons so that Ȝ « r. If so, the angle of neutron scattering on each 
nanoparticle is small. Therefore, neutrons arriving at a large incidence angle penetrate too deep into the 
powder and do not return to the surface before they are absorbed. Neutrons arriving at a small 
incidence angle Į could return to surface after several small-angle scattering events. Such a neutron 
albedo is analogous to the process considered in a general form in ref. [51], where an analytic 
expression describing the angular spectrum of reflected radiation is found for various laws of single 
scattering of ions, electrons, protons and photons from a medium consisting of scattering centers with 
sizes significantly larger than the radiation wavelength. As the typical number of scattering events is 
small, the exit angle ȕ is not much higher than Į. In addition, the penetration depth and path of 
neutrons in the powder are small; therefore the absorption affects reflectivity much less than that in the 
previous case. 

In fact, for the problem parameters used in the present study, the most probable exit angle ȕ is 
approximately equal to the incidence angle Į, with a diffusive halo around this angle. We call such a 
process quasi-specular reflection. Note that coherent scattering of neutrons from neighbouring 
nanoparticles is neglected here as it is small for the considered case Ȝ « r. Besides, we neglected Mie 
scattering of neutrons (analogous to [41]), which assumes—in contrast to that in the first Born 
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Single Crystal Scattering 

•  Implemented Single Crystal Model from MCSTAS code into 
MCNPX. Model describes diffraction on mosaic crystals in 
kinematical theory. 

• Not perfect for perfect crystals such as silicon, which would 
have to be described in dynamical scattering theory. 

• Physics effects: 
–  Highly transparent material for neutrons (especially when cooled to 

suppress inelastic scattering) 
–  Bragg scattering at select energy/angle conditions 

• Adds complexity to problem setup: single crystal must be 
oriented 
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Single Crystal Model Implementation 

• Single crystal model provides coherent elastic scattering 
information:  
–  scattering cross section calculated by searching listings of 

crystallographic planes and summing probabilities of  Bragg 
diffraction at given energy and flight direction,  

–  one Bragg condition is sampled for scattering 

• Scattering kernel (for poly-crystalline structure) provides 
inelastic incoherent scattering (phonon-interactions):  
–  table lookup of scattering cross section  
–  scattering energy and direction sampled from tabulated  

distributions 
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Single Crystal Model Needs 

• Needs: Inelastic scattering for neutron monochromator and 
filter materials such as 
–  Copper 
–  Sapphire 
–  Graphite 
–  Heusler  
–  Beryllium 

• At different temperatures 
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Single Crystal: MCNPX-McStas 

(4 0 0)  backscattering 

(2 2 0)  family 

•  1 mm3  Si crystal oriented with (4 0 0) crystallographic plane 
on Z-axis and irradiated by pencil beam on Z-axis 

•  Tallied with spherical detector at 1 meter distance 
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The VISION instrument 
•  Indirect geometry (white incident beam, fixed final energy) 
•  High flux (~5x107 neutrons/cm2/s) and high throughput 
•  Broadband (-2 to 1000 meV at 30Hz, 5 to 500 meV at 60 Hz) 
•  Constant dE/E throughout the spectrum (~1.5%) 
•  Elastic line FWHM ~150 µs 
•  Backscattering diffraction bank Q range 1.5 to 30 Ǻ-1 
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VISION is unique for its... 
  High-throughput   High-sensitivity 

  Integrated modeling capability 
  Simultaneous measurement of 

INS and diffraction 

INS spectra in minutes.  
VISION has the highest data rate (millions of events per 

second) among all neutron beamlines in the world. 

The aClimax software and INS calculation based on 
first-principles modeling Not only how atoms move and but also where they are. 

Ideal for phase transition and chemical reactions. 

INS of a few millimoles of CO2 and H2O adsorbed 
on the surface of catalysts 

0 500 1000 1500 2000 2500 3000 
Energy Transfer (1/cm) 

Fundamental (0-1) 
Overtone (0-2) 
Overtone (0-3) 
Total (Model) 
Experiment 

First measurement of Fermi 
resonance in CO2 with INS 
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VISION vs Raman/Infrared: complementary 
tools for vibrational spectroscopy 

VISION (INS) Raman/Infrared 
Measures dynamics of nuclei (direct) Measures response of electrons (indirect) 
Weighted by neutron scattering cross 
section 

Weighted by polarizability or dipole 
moment 

Easy to simulate/calculate Difficult to simulate/calculate 
No selection rules Selection rules apply 
No direct dependence on band gap Band gap dependent 
High penetration (bulk probe) Low penetration (surface probe) 
Easy access to low energy range 
(librational and translational modes) 

Energy cutoff 200~400 cm-1 

Q trajectories in the (ω,Q) map Gamma point 
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VISION recent measurements 
• Liquid and solid NH3 at various temperatures 

–  No existing DOS data prior to these experiments 
–  Simple molecular structure, however, abinitio simulations 

not in agreement with experiments 

• Liquid H2 at various ortho/para mixtures 
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Figure 3. Horizontal cross section through the sample center of the sample vessel with 

surrounding shielding and the beam stop. 
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SEQUOIA: Fine-resolution Direct-
geometry Chopper Spectrometer 

Source-sample distance  20.0  
Mean sample-detector distance  5.53 m 
Angular coverage:Horizontally   -30 to 60 deg. 
                             Vertically:  +/- 18  deg. 
Range of energy resolution  (% E_i) 1-3 
Typical incident energy range  8-2000 meV
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conference in 2009 in Knoxville, Dr. Kolesnikov discussed
this result with me and proposed that the mechanism for
this unusual behavior may be ascribed to the behavior of
the OH stretching motion in water in the different phases.
We agreed to prepare an experiment proposal for
SEQUOIA”, Senesi recalled. 
During the final preparation of the sample environment,
“the technical staff was very proactive, making all the final
leak, temperature, and other tests. The container was
designed to hold a sample of water in the temperature
range 260 K to 280 K, accessing the liquid, the solid, and
the liquid supercooled phases below 273 K”. It was
designed to have the maximum scattering intensity from
the sample, the minimum scattering intensity from the
container, the minimum multiple scattering, the most
favorable geometry (flat), and a perfectly flat hydrophobic
internal surface. The latter requirement is crucial to allow
water to remain liquid below freezing temperature
(supercooling below 273 K).
“The power of the neutron source is amazing,” Senesi
said. “I am used to 12 to 24 hours of acquisition for one
sample temperature, but here the acceleration factor
makes a big difference, and not just quantitative”.
SEQUOIA was able to access the entire spectroscopic
range required for the investigation of the OH vibrations
in a single experiment, and the very high intensity made
it possible to measure at many different temperatures,
across the various phases. “We also wanted to access the
high incident neutron energies, greater than 3 eV, where
it is possible to measure the proton kinetic energies
directly. SEQUOIA had the intensity and flexibility to
fulfill all these requirements”.
The science went smoothly over the three-day experiment.
On the third day came the snow. “Sunday, December 12,
was my last day, so I came to the lab to look after the
experiment”, Senesi recalled. During that day, snow
started to fall in Oak Ridge, and it became very intense in
the afternoon. I had a dinner appointment in Oak Ridge
that evening, so at 6.30, I left SEQUOIA and went to the
main SNS entrance to wait for my taxi. 
“The taxi never arrived, and I phoned them several times,
without response. At 7 p.m. I went back to the Experiment
Hall team, and they contacted four or five companies, but
because of the snow, no taxi was driving in the area,
including my early morning taxi that was booked to get
me to Knoxville airport”. 

“I was a bit lost, since there was no easy way to get back
to my hotel and I was worried about getting to the airport
the next morning. Fortunately for me, Ian Anderson was
in the building, checking on activities, and he offered to
brave the storm to take me back to the hotel. After dinner
I managed, after several internet searches and phone calls,
to book a taxi for 3 a.m. to get me to the airport. “I feel
very grateful to Ian! I must admit that I was prepared to
spend the night in the lab, since it is not easy to reach the
ORNL main entrance on foot, or by hitchhiking!”.
Senesi said the research done at SEQUOIA complements the
team’s first set of measurements taken at ISIS. The
researchers are now analyzing their data. NSSD’s Kolesnikov
showed Senesi the user interface and the main data
reduction routines that are applied to treat the raw data.
“It is possible to access all routines remotely from a Web
interface, and save all intermediate steps of the data
processing, to be recovered at any later stage”. 
The international collaboration is returning to SEQUOIA
for another water experiment, but this time at high
temperature/pressures, in the supercritical phase. This is a
state of water that is relevant for the development of novel
nuclear reactors. C. Loong of Tsinghua University in
China is the principal investigator.
This work is funded by University of Roma Tor Vergata and
the other partner institutions. The experiment at SNS was
sponsored by the Scientific User Facilities Division, Office
of Basic Energy Sciences, U.S. Department of Energy.
ORNL is managed by UT–Battelle, LLC, under contract
DE-AC0500OR22725 for the U.S. Department of Energy.

Scattering from water at 3 eV incident energy. The scattering is centered 
at the proton recoil energies.

NN_Vol16_n2_NOTIZIARIO  28/06/11  13:15  Pagina 3

S600 A.I. Kolesnikov et al. / Journal of Alloys and Compounds 509S (2011) S599– S603

!-MgH2 with a tetragonal rutile-type structure, space group
P42/mnm, is the most stable modification of magnesium dihydride
under ambient conditions [6]. Lattice dynamics of powder sam-
ples of !-MgH2 were earlier studied by INS with the beryllium
filter spectrometer IN1-BeF at ILL, France [7] and inverse-geometry
spectrometer TOSCA at ISIS, UK [8,9]. These studies revealed the
basic features of the !-MgH2 phonon spectrum, and the origin of
these features was well established by ab initio calculations sup-
plemented the experiment in Ref. [8]. However, the experimental
results of works [7–9] were insufficient to construct g(E) suitable for
calculating the heat capacity. The main obstacle was  that at energy
transfers exceeding 100 meV, the one-phonon scattering intensity
could not be reliably isolated from the intense multi-phonon con-
tribution caused by the large neutron momentum transfers Q. Large
neutron momentum transfers at high energy transfers are intrinsic
to spectrometers with small energy of the registered neutrons, like
IN1-BeF and TOSCA.

In the present work, we studied !-MgH2 powder using a
direct-geometry neutron spectrometer SEQUOIA at ORNL, USA. The
obtained INS spectra had much smaller contributions from the mul-
tiphonon neutron scattering due to the ability of the spectrometer
to provide small momentum transfers at large energy transfers.
This allowed us to get a more accurate one-phonon INS spectrum
than previously and to construct the experimental phonon density
of states for !-MgH2 for the first time. With this g(E), we calculated
the dependence CV(T) of heat capacity of !-MgH2 at constant vol-
ume  and further estimated the corrections converting the CV(T) to
CP(T) at constant pressure at temperatures up to 2000 K by using
the literature data on the compressibility of !-MgH2 [6,10] and the
coefficient of thermal expansion determined from our own X-ray
diffraction measurements at 11–300 K.

2. Experimental details

Powder of magnesium dihydride was purchased from Sigma–Aldrich. An X-ray
examination showed the powder to consist of 98% !-MgH2 and 2% Mg  metal. A
one  gram sample of this powder was measured at 7 K using the newly constructed
fine energy resolution spectrometer SEQUOIA at the Spallation Neutron Source (Oak
Ridge National Laboratory) [11]. SEQUOIA is a direct geometry time-of-flight spec-
trometer with variable energies of incident neutrons, from 10 to 2000 meV. To get
the  best energy resolution of !E/Ei = 1–1.5% at every studied energy transfer, we
measured the INS spectra with 5 different incident energies of Ei = 45, 115, 220,
350  and 750 meV  selected by the Fermi chopper that was rotating at 420 Hz for
Ei = 45 meV  and 600 Hz for other energies. The data were recorded over a wide range
of  scattering angles, from −30◦ to +60◦ in horizontal plane and ±18◦ in vertical
directions. Prior to further treatment, the collected neutron scattering data were
transformed from the time-of-flight and instrument coordinates to the dynami-
cal  structure factor S(Q,E). The background spectra for the empty container were
measured under the same conditions and subtracted from the original data.

To  determine the coefficient of thermal expansion of !-MgH2, X-ray diffraction
patterns of the !-MgH2 powder were collected at temperatures from 11 to 300 K
using monochromated synchrotron radiation with a wavelength of " = 0.10798 Å at
beam line 11-ID-C at the Advanced Photon Source, ANL. The patterns were recorded
on a Perkin-Elmer 2D detector. Rietveld refinements were performed with the GSAS
and EXPGUI [12].

3. Results and discussion

3.1. Inelastic neutron scattering

Fig. 1 shows the S(Q,E) spectrum of !-MgH2 merged from the
spectra measured with the five different energies of the incoming
neutrons. The spectrum mostly agrees with results of Refs. [8,9].
According to the ab initio calculations in Ref. [8],  the phonon den-
sity of states of !-MgH2 is composed of the ranges of lattice modes
at E < 40 meV  and optical vibrations at 40 < E < 190 meV. The con-
tributions from the Mg  atoms to the INS spectrum are small for
all vibrations, because the neutron scattering cross-section of H is
about 20 times larger than that of Mg  [13]. Furthermore, in the case
of optical vibrations, the scattering intensity is inversely propor-
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Fig. 1. The dynamical structure factor S(Q,E) of the !-MgH2 powder sample (open
circles) as a function of the energy loss (E > 0) or gain (E < 0) of the inelastically scat-
tered neutrons measured at 7 K with the SEQUOIA spectrometer at ORNL, USA. The
strong peak at E = 0 is due to the elastic neutron scattering. The horizontal bars at the
bottom of the figure indicate the energy resolution. In the inset, the thick solid line
labelled “exp” shows the generalized phonon density of states, G(E), derived from
S(Q,E) with subtracted elastic peak; the dashed line “MPNS” represents the multi-
phonon contribution to G(E) calculated in an isotropic harmonic approximation, and
the  thin solid line “1ph” is the one-phonon G(E)1ph spectrum of !-MgH2 obtained
from G(E) by subtracting the MPNS contribution.

tional to the mass of the atom, which is 24 times smaller for H than
for Mg.  The INS spectrum in Fig. 1 thus well represents vibrations
of the H atoms in !-MgH2.

As seen from Fig. 1, the spectrum of optical H vibrations con-
sists of a band between 40 and 105 meV  (two pronounced peaks
at 72 and 79 meV, and a shoulder at ≈94 meV) and another band
between 105 and 190 meV (a peak at 125 meV  with a shoulder at
134 meV, and two  peaks at 150 meV  and 176 meV). According to
the calculations in Ref. [8], the scattering intensity at higher energy
transfers, including the peak at 250 meV, could only have resulted
from multiphonon neutron scattering. To prove this, we  analyzed
the momentum transfer dependences of the integral intensities of
peaks numbered 1–5 in Fig. 1. These dependences are shown in
Fig. 2 and fitted with curves

I(Q ) = (a · Q 2 + b · Q 4) exp(−u2
HQ 2) (1)
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Fig. 2. The integral intensities of peaks 1–5 in Fig. 1 plotted as a function of neutron
momentum transfer. The experimental data (symbols) are fitted using Eq. (1). The
solid  and dashed lines represent, respectively, the one-phonon and two-phonon
scattering contributions to the fits (see text).
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Para-H2Total Cross 
Section Measurement 

• Bi-product of NPDGamma 
parity violation measurement 

• Discrepancy asks for re-
calibration of para-H2 kernel 

• Has impact on optimization of 
liquid H2 moderators 
(increased transparency 
below 2 meV neutron energy)  

2

gion of length scales where the pair correlation function
g is rapidly varying. Unfortunately, neutron scattering
experiments which measure the differential cross section
dσ

dΩ
and attempt to extract S(Q) [24–28] are in disagree-

ment. In neutron measurements, the light mass of the
hydrogen gives a larger than usual inelastic contribution
to the scattering, and large corrections to the scattering
data need to be applied in an attempt to extract g.
In this work we present a new measurement of the

energy dependence of the total cross section (and, after
subtraction of the well-known neutron-proton absorption
cross section, the total scattering cross section) in the
slow neutron regime using neutrons with energies be-
tween 0.43 meV to 16.1 meV in liquid hydrogen at a
temperature of 15.6 K±0.6 K. This measurement was
conducted at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory using a 16-liter liquid
hydrogen target [29] operated on the Fundamental Neu-
tron Physics Beamline [30] (FnPB) by the NPDGamma
collaboration. One of the advantages of the sensitive
transmission measurement as a function of neutron en-
ergy which we report here is that there is no ambiguity in
the extraction of the energy dependence of the total cross
section σ(E). It should therefore be possible to make a
more robust comparison of this data with theory. Recall
that molecular hydrogen has two spin states, labeled or-
thohydrogen (J = odd) and parahydrogen (J = even).
The lowest orthohydrogen state (J = 1) lies 14.5 meV
above the lowest parahydrogen state (J = 0). The spin
singlet state of the protons in the parahydrogen molecule
combined with the measured spin dependence of s-wave
neutron-proton scattering amplitudes conspire to greatly
suppress the total scattering cross section for neutrons
on parahydrogen molecules by more than one order of
magnitude relative to that from the hydrogen atom. The
total scattering cross section on orthohydrogen is approx-
imately 50 times higher than on parahydrogen (Fig. 1)
because the destructive interference between the atoms
is absent. A comparison of our results with previous
data [31][32][27] indicates that the decrease of the to-
tal scattering cross section in liquid parahydrogen in the
slow neutron regime is much more rapid than previously
realized.
In addition to the usefulness of this new data for ex-

traction of the pair correlation function in liquid parahy-
drogen, our results are also of immediate practical inter-
est for slow neutron source development. The successful
development of intense slow neutron sources combined
with the increasing phase space acceptance of neutron
optical components has enabled a dramatic expansion of
the scientific applications of neutron scattering to encom-
pass many fields in science and technology. The broad ap-
plicability of quantitative information that slow neutron
scattering can provide on the internal structure and dy-
namics of condensed media has motivated the construc-
tion of several new neutron scattering facilities over the

 0.01

 0.1

 1

 10

 100

 1000

 0.01  0.1  1  10  100  1000  10000

C
ro

ss
 S

ec
ti

o
n
 (

b
ar

n
s/

at
o
m

)

Neutron Energy (meV)

ENDF7 o-H2, 20K
ENDF7 p-H2, 20K

Absorption

FIG. 1. Parahydrogen and orthohydrogen scattering cross
sections at 20 K from ENDF-VII [33] and the absorption cross
section [34].

last decade. The efficiency of the moderating medium
which accepts the relatively high energy neutrons liber-
ated from the nucleus and cools them to the slow neutron
energy range below 25 meV determines the phase space
density of the neutron beams. New results on physics rel-
evant to the moderation process are therefore of interest
to a very broad range of the scientific community.
Many intense neutron sources use liquid hydrogen as

a neutron moderator medium. The near-equality of the
neutron and proton mass coupled with the anomalously
large s-wave neutron-proton scattering amplitude allow
a hydrogen-rich medium to both efficiently lower the in-
cident neutron energy through collisions and also main-
tain a small neutron mean free path to keep the neutron
phase space density high at the source. In the slow neu-
tron regime, however, the neutron scattering cross sec-
tion and therefore the mean free path is sensitive to the
interference of the scattering amplitudes from neighbor-
ing atoms. A neutron that scatters from orthohydro-
gen will be upscattered and gain 14.5 meV, reducing the
slow neutron intensity below 14.5 meV from an ortho-
hydrogen rich moderator. Consequently, many studies
have shown that the slow neutron intensity from a liq-
uid hydrogen moderator can be greatly increased if the
molecules are maintained in the parahydrogen molecu-
lar state [35][36][37]. While absorption ultimately limits
the intensity for energies below 2 meV, it is the rela-
tive concentrations of orthohydrogen and parahydrogen
that is the lever arm available for optimizing the proper-
ties of slow neutron moderators. Our new results, which
show that the neutron scattering cross section from liquid
parahydrogen seems to have been overestimated in pre-
vious work by as much as a factor of 3 at an energy of 1
meV, is therefore of immediate interest for the designers
of bright slow neutron sources.
Differences of the orthohydrogen fraction from that

corresponding to thermodynamic equilibrium are an ob-
vious culprit for the disagreement among different mea-
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(black), and subtraction of a 0.5% admixture of orthohydro-
gen from Seiffert (squares).

rather inferred that it was either negligible, in the case
of Seiffert, or at thermal equilibrium, in the case of Celli.
We therefore treat both the Seiffert and Celli measure-
ments as upper limits. We conclude that our target sys-
tem must have less orthohydrogen contamination than
these previous two measurements because our observed
total cross section is lower. Of these three measurements
in the literature and the measurement in this work, we
believe that our measurement has the lowest orthohydro-
gen contamination and that it provides the most accurate
measurement of the liquid parahydrogen scattering cross
section.

These results have important implications for the
design of slow neutron sources. Recent simulation
work conducted for the European Spallation Source
project [36], indicates increased source intensity from liq-
uid parahydrogen neutron moderators incorporated into
a realistic target-moderator geometry. Measurements at
J-PARC [35] and LANSCE [37] also show that the mod-
erator intensity for neutrons below 14.5 meV are highly
dependent on the ortho/para ratio. Our work shows that
the parahydrogen cross section has been previously over-
estimated throughout the slow neutron regime of interest.
This overestimate reaches a factor of 3 at a neutron en-
ergy of 1 meV. The potential for increased slow neutron
source intensity from liquid parahydrogen moderators is
therefore greater than previously realized and impacts
the optimal geometry of slow neutron moderators. In
order to be able to take full advantage of this potential,
however, it would be necessary to maintain the liquid
in the parahydrogen state in the presence of the intense
radiation environment accompanying an intense neutron
source [49]. Liquid hydrogen target designs which employ
active circulation of the hydrogen through a catalyst cou-
pled with dedicated measurements of the parahydrogen
fraction from a liquid hydrogen moderator operated in

an intense radiation environment are needed to confirm
this potential and demonstrate that it can be realized at
an intense neutron source.
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Liquid hydrogen is a dense Bose fluid whose equilibrium properties are both calculable from first
principles using various theoretical approaches and of interest for the understanding of a wide range
of questions in many body physics. Unfortunately, the pair correlation function g(r) inferred from
neutron scattering measurements of the differential cross section dσ

dΩ
from different measurements

reported in the literature are inconsistent. We have measured the energy dependence of the total
cross section and the scattering cross section for slow neutrons with energies between 0.43 meV
and 16.1 meV on liquid hydrogen at 15.6 K (which is dominated by the parahydrogen component)
using neutron transmission measurements on the hydrogen target of the NPDGamma collaboration
at the Spallation Neutron Source at Oak Ridge National Laboratory. The relationship between the
neutron transmission measurement we perform and the total cross section is unambiguous, and the
energy range accesses length scales where the pair correlation function is rapidly varying. At 1 meV
our measurement is a factor of 3 below the data from previous work. We present evidence that these
previous measurements of the hydrogen cross section, which assumed that the equilibrium value for
the ratio of orthohydrogen and parahydrogen has been reached in the target liquid, were in fact
contaminated with an extra non-equilibrium component of orthohydrogen. Liquid parahydrogen is
also a widely-used neutron moderator medium, and an accurate knowledge of its slow neutron cross
section is essential for the design and optimization of intense slow neutron sources. We describe our
measurements and compare them with previous work.

PACS numbers: 28.20.Cz, 28.20.Ka, 28.20.Gd

The physics of liquid hydrogen is of fundamental im-
portance in quantum many body theory. It is one of
the few examples of a dense Bose fluid available for ex-
perimental investigation, and it exhibits behavior which
interpolates between dense classical liquids and quantum
liquids with Bose condensation such as superfluid he-
lium [1]. Our ability to understand the physics of this
liquid at experimentally-accessible densities and temper-
atures is important for scientists trying to extrapolate
this understanding to predict the properties of the inte-
riors of heavy planets like Jupiter [2]. Reliable compu-
tational extrapolation to these conditions is thought to
require accurate determination of thermodynamic prop-
erties of condensed hydrogen at the 1% level [3]. Metallic
hydrogen is also a model system for understanding the
metal-insulator transition [4–13]. Accurate calculations

of the properties of liquid hydrogen using theoretical ap-
proaches such as Path Integral Monte Carlo (PIMC) and
Correlated Density Matrix (CDM) techniques are avail-
able [14–21] based on well-established input on hydrogen
intermolecular potentials such as the Silvera-Goldman
potential [22] and the NWB intermolecular potential [23].

It is therefore disturbing that such a fundamental
structural property of liquid hydrogen as the pair corre-
lation function g (and its Fourier transform partner the
static structure factor S(Q)) is not yet well determined
experimentally. The small electron density makes a mea-
surement using X-rays somewhat difficult. Data on neu-
tron scattering from molecular hydrogen using slow neu-
trons has been used in the past to help determine g. In
the slow neutron regime the interference scattering from
neighboring molecules in the liquid probes a critical re-
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Moderator Test Facility in Development 

• Using RFQ test stand as proton source of 2.5 MeV H- pulsed 
at 1-60 Hz and pulse widths 1 ms - 1μs 

• Sending beam into a lithium target 
• Having moderators in wing-configuration 
•  Testing new and “old” moderator concepts for STS 
•  Testing large volume para-hydrogen and high-brightness 

moderators for emission spectra and emission time 
distributions 



SECTION VIEW THROUGH UPPER BEAM LINE 
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Meeting with W. Bernnat (IKE):  
sends his regards 
•  Reworked numerous thermal data: 
Be-05K-IKE.ace !H2O-s_04K.ace !Sab_al_70K.ace ! !oD2_10Ksolid_inc.ace!

Be-100K-IKE.ace !H2O-s_113K.ace !Zr_90_293K.ace ! !oD2_17Ksolid_coh.ace!

Be-10K-IKE.ace !H2O-s_165K.ace !Zr_90_77K.ace ! !oD2_17Ksolid_inc.ace!

Be-20K-IKE.ace !H2O-s_218K.ace !Zr_91_20K.ace ! !oD2_g_70K.ace!

Be-30K-IKE.ace !H2O-s_248K.ace !Zr_92_50K.ace ! !oD_5Ksd_coh.ace!

Be-50K-IKE.ace !H2O-s_273K.ace !Zr_92_77K.ace ! !oD_5Ksd_inc.ace!

Be-77K-IKE.ace !H2O-s_30K.ace !Zr_94_20K.ace ! !oH2_g_20K.ace!

Bi_209_293K.ace !H2O-s_77K.ace !Zr_96_293K.ace ! !pD2_g_200K.ace!

Bi_209_50K.ace !Pb_206_50K.ace !Zr_96_50K.ace ! !pD2_g_40K.ace!

Bi_209_77K.ace !Pb_206_77K.ace !cold_xs_IKE ! !pD2_g_70K.ace!

CH4l_91K.ace !Pb_207_50K.ace !oD2_05Ksolid_coh.ace !pH2_s_05K.ace!

CH4s_50K.ace !Pb_208_293K.ace !oD2_05Ksolid_inc.ace !pH2_s_06K.ace!

D_liquid ! !Pb_208_50K.ace !oD2_08Ksolid_coh.ace !pH2_s_13K.ace!

H2O-l_400K.ace !Sab_al_06K.ace !oD2_10Ksolid_Coh.ace !xd_e71_s!

Contact person: Michael Wohlmuther (PSI): michael.wohlmuter@psi.ch 


