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Figure 3.12: MCNPX model of the moderators and target zone. Left: Vertical cut showing top and bottom
cold moderators. Right: Horizontal cut showing top cold moderator and water extensions for bispectral
neutron beam extraction.

Several intra-nuclear cascade (INC) models (Bertini, Isabel, INCL4) and evaporation/fission models
(Dresner, ABLA), as well as the self-contained package CEM03, were employed for simulation of high-
energy physics in MCNPX. The results are shown in Figure 3.13 (top left). Apart from the INCL4
INC model, the models returned values within ± 5% of each other for neutronic performance and heat
deposition. The intermediate energy region (above a few eV) is especially important for the neutronics
of moderators and reflectors. Three neutron libraries, ENDF/B-VII.0 (US), JENDL-4.0 (Japan), and
JEFF3.1 (Europe), were tested on system components, with the results shown in Figure 3.13 (top right).
The differences in neutronic performance was again found to be within± 5%. Neutron scattering kernels are
used for detailed simulation of neutron transport at thermal energies and below. Figure 3.13 (bottom left)
shows that the use of scattering kernels at ambient temperatures is not crucial: the difference between
free gas treatment and S(α, β) formalism is within 5% for non-cryogenic parts. Scattering kernels are,
however, absolutely necessary for cryogenic parts, for example, liquid hydrogen. The difference in neutronic
performance and heat deposition due to the difference in para-hydrogen scattering kernels is illustrated in
Figure 3.13 (bottom right).

The analysis shows that uncertainties associated with nuclear interaction models and nuclear data
libraries are expected to be about 15%. While almost any combination of models and libraries studied
would suffice (with the notable exception of the outdated MCNPX INCL4 INC model), the default MCNPX
Bertini-Dresner model coupled with ENDF/B-VII.0-based neutron libraries and scattering kernels (when-
ever available) are recommended to simplify inter-comparison of neutronic results. The default MCNPX
nuclear interaction model is generally accepted by the spallation source community for calculating most
quantities of interest, such as neutronic performance and nuclear heating [334]. In addition, it requires
less computing time than other models and is therefore preferred for optimisation studies.

3.2.4 Optimisation of the beam-target interface

Optimisations of the neutronic design were performed by choosing integral values of the cold or thermal
neutron brightness as the figure of merit:

FoM =

∫ ∞

0

dt

∫ Ec

0

Φ(t, E)dE (3.1)

  05/13/15 16:43:47
Input File:

probid =   05/13/15 16:43:34
basis:   XY
( 0.000000, 1.000000, 0.000000)
( 1.000000, 0.000000, 0.000000)
origin:
(     0.00,     0.00,    11.20)
extent = (   250.00,   250.00)

∼ 16× 16× 13 cm3 ∼ 20× 30× 3 cm3
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European Spallation Source (ESS)

Lund, Sweden
First neutrons by 2019

[Google maps]

http://europeanspallationsource.se

http://maps.google.com
http://europeanspallationsource.se


European Spallation Source (ESS)

Proton beam:
2 GeV × 2.5 mA = 5 MW
14 Hz, 2.86 msec

Tungsten rotating target
Cold neutrons:

Para-H2 at 20 K
Thermal neutrons:

Water at 300 K
[Bengt Jönsson]
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Figure 3.12: MCNPX model of the moderators and target zone. Left: Vertical cut showing top and bottom
cold moderators. Right: Horizontal cut showing top cold moderator and water extensions for bispectral
neutron beam extraction.
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JEFF3.1 (Europe), were tested on system components, with the results shown in Figure 3.13 (top right).
The differences in neutronic performance was again found to be within± 5%. Neutron scattering kernels are
used for detailed simulation of neutron transport at thermal energies and below. Figure 3.13 (bottom left)
shows that the use of scattering kernels at ambient temperatures is not crucial: the difference between
free gas treatment and S(α, β) formalism is within 5% for non-cryogenic parts. Scattering kernels are,
however, absolutely necessary for cryogenic parts, for example, liquid hydrogen. The difference in neutronic
performance and heat deposition due to the difference in para-hydrogen scattering kernels is illustrated in
Figure 3.13 (bottom right).

The analysis shows that uncertainties associated with nuclear interaction models and nuclear data
libraries are expected to be about 15%. While almost any combination of models and libraries studied
would suffice (with the notable exception of the outdated MCNPX INCL4 INC model), the default MCNPX
Bertini-Dresner model coupled with ENDF/B-VII.0-based neutron libraries and scattering kernels (when-
ever available) are recommended to simplify inter-comparison of neutronic results. The default MCNPX
nuclear interaction model is generally accepted by the spallation source community for calculating most
quantities of interest, such as neutronic performance and nuclear heating [334]. In addition, it requires
less computing time than other models and is therefore preferred for optimisation studies.
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neutron beam extraction.

Several intra-nuclear cascade (INC) models (Bertini, Isabel, INCL4) and evaporation/fission models
(Dresner, ABLA), as well as the self-contained package CEM03, were employed for simulation of high-
energy physics in MCNPX. The results are shown in Figure 3.13 (top left). Apart from the INCL4
INC model, the models returned values within ± 5% of each other for neutronic performance and heat
deposition. The intermediate energy region (above a few eV) is especially important for the neutronics
of moderators and reflectors. Three neutron libraries, ENDF/B-VII.0 (US), JENDL-4.0 (Japan), and
JEFF3.1 (Europe), were tested on system components, with the results shown in Figure 3.13 (top right).
The differences in neutronic performance was again found to be within± 5%. Neutron scattering kernels are
used for detailed simulation of neutron transport at thermal energies and below. Figure 3.13 (bottom left)
shows that the use of scattering kernels at ambient temperatures is not crucial: the difference between
free gas treatment and S(α, β) formalism is within 5% for non-cryogenic parts. Scattering kernels are,
however, absolutely necessary for cryogenic parts, for example, liquid hydrogen. The difference in neutronic
performance and heat deposition due to the difference in para-hydrogen scattering kernels is illustrated in
Figure 3.13 (bottom right).

The analysis shows that uncertainties associated with nuclear interaction models and nuclear data
libraries are expected to be about 15%. While almost any combination of models and libraries studied
would suffice (with the notable exception of the outdated MCNPX INCL4 INC model), the default MCNPX
Bertini-Dresner model coupled with ENDF/B-VII.0-based neutron libraries and scattering kernels (when-
ever available) are recommended to simplify inter-comparison of neutronic results. The default MCNPX
nuclear interaction model is generally accepted by the spallation source community for calculating most
quantities of interest, such as neutronic performance and nuclear heating [334]. In addition, it requires
less computing time than other models and is therefore preferred for optimisation studies.

3.2.4 Optimisation of the beam-target interface

Optimisations of the neutronic design were performed by choosing integral values of the cold or thermal
neutron brightness as the figure of merit:

FoM =

∫ ∞

0

dt

∫ Ec

0

Φ(t, E)dE (3.1)

[ESS Technical design report, page 174]
Para-H2 volume moderator 13 cm high × 8 cm radius
Thermal wings provide a bi-spectral source

http://eval.esss.lu.se/cgi-bin/public/DocDB/ShowDocument?docid=274
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cold moderators. Right: Horizontal cut showing top cold moderator and water extensions for bispectral
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INC model, the models returned values within ± 5% of each other for neutronic performance and heat
deposition. The intermediate energy region (above a few eV) is especially important for the neutronics
of moderators and reflectors. Three neutron libraries, ENDF/B-VII.0 (US), JENDL-4.0 (Japan), and
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The differences in neutronic performance was again found to be within± 5%. Neutron scattering kernels are
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shows that the use of scattering kernels at ambient temperatures is not crucial: the difference between
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The analysis shows that uncertainties associated with nuclear interaction models and nuclear data
libraries are expected to be about 15%. While almost any combination of models and libraries studied
would suffice (with the notable exception of the outdated MCNPX INCL4 INC model), the default MCNPX
Bertini-Dresner model coupled with ENDF/B-VII.0-based neutron libraries and scattering kernels (when-
ever available) are recommended to simplify inter-comparison of neutronic results. The default MCNPX
nuclear interaction model is generally accepted by the spallation source community for calculating most
quantities of interest, such as neutronic performance and nuclear heating [334]. In addition, it requires
less computing time than other models and is therefore preferred for optimisation studies.

3.2.4 Optimisation of the beam-target interface

Optimisations of the neutronic design were performed by choosing integral values of the cold or thermal
neutron brightness as the figure of merit:
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spallation reactions with the nuclei of the mercury. A 3 GeV
proton produces a total of about 75 neutrons. The number of
protons in a 1 MW proton beam is 2.08�1015 per second, and
hence about 1.5�1017 neutrons are produced in the mercury
target and its vicinity per 1 MW beam operation.

Most of the spallation neutrons are produced in the evapora-
tion process of excited nuclei to result in energies in the MeV
region. The neutron energies have to be decreased by nearly
10 orders of magnitude to obtain the cold neutrons suitable
for neutron scattering experiments. For this purpose three
distinctive moderators through which supercritical hydrogen at
20 K and 1.5 MPa flows are used, as revealed in Fig. 2. One is a
Coupled Moderator (CM) that is located under the mercury target
to provide high-intensity pulsed neutrons. The other two, a
Decoupled Moderator (DM) and a Poisoned decoupled Moderator
(PM), are located above the mercury target to provide narrower
neutron pulses of less intensity. The hydrogen moderator regions
of both the DM and PM are covered with a neutron absorber made

of silver–indium–cadmium (Ag–In–Cd, AIC) alloy to narrow the
pulses, apart from the neutron extraction windows. A poison plate
made of cadmium is inserted in the hydrogen region of the PM to
narrow the pulses even more. More details on the moderator
designs are available in the reference material [4–14].

A reflector composed of beryllium and steel blocks surrounds
the target and the moderators to increase the neutron intensity by
reducing any neutrons leaking outwards. The target-moderator–
reflector assembly (TMRA) is further surrounded by a shielding
structure made of steel and concrete to attenuate any high-energy
neutrons escaping outside the biological shield. A total of
23 neutron beams are extracted from the moderators: 11 from
the CM, 6 from the DM and 6 from the PM. Each neutron beam
line is equipped with its own neutron beam shutter and hence the
neutron beam can be turned on and off for measurements and
sample exchanges, respectively.

2.2. Distinctive features of JSNS moderators

2.2.1. Optimized for para-hydrogen

Hydrogen molecules have two molecular states: para-hydro-
gen and ortho-hydrogen. The para-hydrogen fraction is 25% at
room temperature but close to 100% at cryogenic temperature.
The discovery was made in neutronic design studies for JSNS that
a hydrogen moderator with a para-hydrogen fraction of 100% was
superior to other fractions [4,8,9]. The pulse peak intensity
increases while the pulse tail decreases as the fraction approaches
100%. All the JSNS moderators were therefore optimized to use
100% para-hydrogen. The hydrogen circulation system of JSNS is
equipped with a catalyst to convert the ortho-hydrogen to para-
hydrogen in intentionally maintaining the fraction as close as
possible to 100%.

2.2.2. Cylindrical coupled moderator [7,9,10]

A significant step in the moderator design was the discovery
that a cryogenic para-hydrogen coupled moderator with a large
cylindrical shape, 140 mm in diameter and 120 mm in height,
makes the pulse peak intensity particularly high. This excellentFig. 1. Overview of the J-PARC 1-MW pulsed spallation neutron source JSNS.

Fig. 2. Three hydrogen moderators of JSNS and typical neutron pulse shapes delivered by the moderators.

F. Maekawa et al. / Nuclear Instruments and Methods in Physics Research A 620 (2010) 159–165160

F. Maekawa et al
First neutron production utilizing J-PARC pulsed spallation
neutron source JSNS and neutronic performance
demonstrated (2010)



Excellent performance from the volume moderators

178 CHAPTER 3. TARGET STATION

30

Figure 3.15: MCNPX model of the target and surrounding moderator and reflector. The cold moderator
is shown in red, the thermal moderator for bispectral beam extraction and the premoderator are in yellow,
and the beryllium reflector is in orange. Left: Longitudinal view. Right: Top moderator showing the
thermal extensions for bispectral extraction.
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Figure 3.16: Sensitivity studies of the bottom premoderator and moderator dimensions. Left: Premod-
erator thickness. Right: Moderator diameter. Variation of these parameters strongly influences the heat
load on the cryogenic moderator, dictating the choice of the optimal dimensions.

of 65 larger at 10 Å [41].

The thermal neutron brightness is at the same level as that called for in ESS’s 2003 design [35]. In
summary, the proposed configuration for the cold moderator with thermal extensions allows the production
of thermal neutrons in conditions that are similar to those for the long pulse moderator of 2003, while the
production of cold neutrons is significantly increased. Further optimisation of the design of the thermal
moderator is expected to increase thermal neutron brightness.

The peak of the thermal spectrum is about 2.5 times higher than the cold peak. It is interesting to
compare this relationship with the situation at the HZB reactor, which has bispectral extraction. At HZB,
the cold moderator is a liquid H2 bottle, while the thermal neutrons are extracted from the beryllium
reflector surrounding the core. The ratio of thermal to cold is about five; one can expect that with an
optimised cold moderator like the one for ESS, this ratio would drop by about a factor of 2, consistent
with the present results.

In summary, Figure 3.18 shows the time distribution of the neutron pulse for wavelengths of 2, 4 and

Figure 3.16: Sensitivity studies of the bottom premoderator and moderator dimensions. Left: Premod-
erator thickness. Right: Moderator diameter. Variation of these parameters strongly influences the heat
load on the cryogenic moderator, dictating the choice of the optimal dimensions.

and the moderator can reduce heat deposition in the moderator, while at the same time improving its
neutronic performance. Figure 3.16 (left) shows that thick ambient water premoderators placed between
moderator and target can substantially decrease the heat load on moderators without compromising their
neutronic performance.

The thermal moderator extensions provide thermal neutrons for bispectral extraction. The bispectral
moderators are positioned so as to optimise the flow of neutrons from the target to the cold moderators,
which implies that the thermal moderators will not receive optimal neutron flow from the target. Never-
theless, as shown below, their neutronic performance is excellent. The thermal moderator extensions affect
the brightness of the cold moderator, because their presence makes it necessary to reduce the amount of3.2. NEUTRONIC DESIGN 31
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Figure 3.17: ESS absolute peak brightness [40] compared to ILL yellow book data [41]. “ESS bispectral”
is the weighted sum of “ESS cold” and “ESS thermal” using calculated weight factors corresponding to
a typical bispectral beam extraction neutron guide configuration [42]. The ILL spectra are accurate to
within about a factor of 2: slightly too high for thermal neutrons and too low for cold neutrons.
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Figure 3.18: Neutron pulse shapes at 2 Å, 4 Å and 6 Å out of the moderator, with the same parameters
as in Figure 3.17.

6 Å. The calculations take into account the presence of a beryllium reflector, for which neutron flux almost
reaches a saturation value after about 1 ms, although the value does increase slightly over time thereafter.

3.2.6 Support to beam extraction

Neutron beam extraction and beam delivery are inseparable. Their task is to make possible an efficient
transfer of neutrons by matching the phase space distribution at the sample to the phase space distribution
at a position close to the moderator surface, while rejecting as many neutrons as possible from outside

Figure 3.17: ESS absolute peak brightness [339] compared to ILL yellow book data [340]. “ESS bispectral”
is the weighted sum of “ESS cold” and “ESS thermal” using calculated weight factors corresponding to
a typical bispectral beam extraction neutron guide configuration [341]. The ILL spectra are accurate to
within about a factor of 2: slightly too high for thermal neutrons and too low for cold neutrons.

Cold: ×60 ILL Yellow Book
Thermal: ×7 ILL Yellow Book
× 2 ESS 2003 [ESS Technical design report, page 178]

http://eval.esss.lu.se/cgi-bin/public/DocDB/ShowDocument?docid=274


Baseline volume moderator

How to make it better?
Planned 1 year time to improve the moderator design



Optimisation
Cylindrical moderator dimensions
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Unperturbed brightness
Cylindrical moderator performance as a function of its dimensions
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Unperturbed brightness
Cylindrical moderator performance as a function of its dimensions
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Unperturbed brightness
Cylindrical moderator performance as a function of its dimensions
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Why flat moderators work
Cold neutron map in volume moderator

Target side

Reflector side

Neutrons are effectively moderated within 1 – 2 cm of liquid
hydrogen
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Why flat moderators work
Cold neutron map in volume moderator

Target side

Reflector side

Why flat moderators work
Cold neutron map in volume moderator

moderating reflector as Pb. As shown in Fig. 16,
both distributions are rather flat. In the figure the
distributions on the 100% para-H2 moderator
with PM in the Be reflector (same as the highest
curves in Fig. 15) are also plotted for comparison.
In case of the Pb reflector without PM, the first
collision density distribution is almost flat since the
mean-free-path of the source neutrons (hard
spectrum) is comparable to the moderator lateral
dimensions. For the flat first-collision-density
distribution in the moderator, Iinto15 meV also
exhibits a flat or approaching a cosine-like
distribution. The vertical distribution with the Pb
reflector exhibits a slight intensity depression
toward the target-side. This is explained due to
the cold neutron absorption by the Hg target. On
the other hand in case of the normal-H2 with PM,
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Fig. 13. Integrated cold neutron intensity (Iinto15 meV), and pulse peak intensity (Ipk) at 2, 10 and 50 meV as a function of H2

moderator height ðHÞ and thickness.
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Center of viewed surface is defined as X ¼ Y ¼ 0:

T. Kai et al. / Nuclear Instruments and Methods in Physics Research A 523 (2004) 398–414 409

Behaviour used and measured at J-PARC
Reflectometer points at the bottom

T. Kai, M. Harada, M. Teshigawara, N. Watanabe,Y. Ikeda
Coupled hydrogen moderator optimization with ortho/para
hydrogen ratio
2004

Behaviour used and measured at J-PARC

T. Kai, M. Harada, M. Teshigawara, N. Watanabe,Y. Ikeda
Coupled hydrogen moderator optimization with ortho/para
hydrogen ratio
2004



Why flat moderators work
Cold neutron maps in volume and flat moderators
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Why flat moderators work
Angular distribution

vertical angle [deg]
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Flat moderator shows a strong effect at small vertical emission
angles

[K. Batkov et al, 2013]



Properties of para-H2
Scattering cross-section
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[N. Watanabe, Neutronics of pulsed spallation sources, 2003]
New para-H2 data

Significant drop of σ below 50 meV⇒
Medium is almost transparent for cold neutrons



Properties of para-H2
Mean free path
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Mean free path below 50 meV becomes comparable to the
height of the small optimised moderator, making the whole
volume to be the source of neutrons.



Why flat moderators work
Perturbation effect

Volume Flat

Less reflector material is removed in the case of flat
moderator⇒
No difference between openings 2× 60◦ and 2× 120◦ ⇒
Possible to serve more instruments



Importance of pure para-H2

Extreme
dependency of the
brightness on the
purity of para-H2

Importance of the
catalyst
More than 99 % para
measured at
J-PARC
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Experimental measurements at high power required



Moderator should be as tall as needed by instruments
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At 3 cm 80 % of total neutrons emitted compared to
maximum



Why flat moderators work
Physics summary

Neutrons are effectively moderated within 1-2 cm of
para Hydrogen
Para-hydrogen transparency window allows to collect
neutrons from depth
With respect to volume moderators:

Less parasitic absorption due to smaller amount of
Hydrogen (with respect to volume moderators)
Less perturbation due to smaller amount of reflector
removed

However: very sensitive to para-H2 purity
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Butterfly moderator
Para-H2



Butterfly moderator
Para-H2 and water



Butterfly moderator
Horizontal cut

  05/13/15 16:43:39
Input File:

probid =   05/13/15 16:43:34
basis:   XY
( 0.000000, 1.000000, 0.000000)
( 1.000000, 0.000000, 0.000000)
origin:
(     0.00,     0.00,    11.20)
extent = (    20.00,    20.00)



Butterfly moderator
Target wheel and Moderators

3 cm

6 cm

R=1.25 m

[Bengt Jönsson]



Butterfly moderator
Target wheel and Moderators: vertical cut

  05/13/15 16:43:49
Input File:

probid =   05/13/15 16:43:34
basis:   YZ
( 0.000000, 1.000000, 0.000000)
( 0.000000, 0.000000, 1.000000)
origin:
(     0.10,     0.83,    -1.96)
extent = (    38.73,    38.73)

Protons



Butterfly moderator
Horizontal view

  05/13/15 16:43:47
Input File:

probid =   05/13/15 16:43:34
basis:   XY
( 0.000000, 1.000000, 0.000000)
( 1.000000, 0.000000, 0.000000)
origin:
(     0.00,     0.00,    11.20)
extent = (   250.00,   250.00)

Protons

2meters



Butterfly moderator
Cold neutron extraction
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Butterfly moderator
Cold neutron extraction
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[Esben Klinkby, TAC11, page 17]
Statistical errors ∼ 1 %



Butterfly moderator
Thermal neutron extraction
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Butterfly moderator
Thermal neutron extraction
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[Esben Klinkby, TAC11, page 17]
Statistical errors ∼ 1 %
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Optimisation of Instrument Suite
Example 1: NMX — macromolecular diffractometer
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[Data provided by Ken Andersen, ESS]



Optimisation of Instrument Suite
Example 1: NMX — macromolecular diffractometer
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Optimisation of Instrument Suite
Example 1: NMX — macromolecular diffractometer
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Optimisation of Instrument Suite
Example 2: ESSENSE — spin echo spectroscopy
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Optimisation of Instrument Suite
Optimal moderator height
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[Ken Andersen, Moderator/Instruments Meeting, 6 June 2014]
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Wavelength spectra
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Wavelength spectra
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Wavelength spectra
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Integrated brightness
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Integrated brightness

0 0.5 1 1.5 2 2.5 3 3.5

TDR

Top butterfly 3 cm

Low butterfly 3 cm

1

3.01

2.08

Thermal (20− 100 meV) brightness [a.u.]



Conclusions
  05/13/15 16:43:39
Input File:

probid =   05/13/15 16:43:34
basis:   XY
( 0.000000, 1.000000, 0.000000)
( 1.000000, 0.000000, 0.000000)
origin:
(     0.00,     0.00,    11.20)
extent = (    20.00,    20.00)

Two butterfly moderators, each serving 2× 120◦ sector
Upper: 3 cm tall
Lower: 6 cm tall

Exploits all neutronic design criteria developed
Optimal beam extraction

Flexible to place instruments
Flexible for instruments to choose moderator
Optimal for bispectral instruments

Feasible engineering
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FIG. 5. (Color online) Transmission monitor signals (left axis)
for empty (triangles) and hydrogen-filled (squares) aluminum target
vessel. Dips in the spectra are at the aluminum Bragg edges.
Transmission ratio (right axis, diamonds) depicts no transmission
for energies above 14.5 meV spin-flip transition.

correction was applied to the transmission monitor signals
using the ratio of the normalization monitor signals to account
for this systematic effect. For each neutron pulse, the signals in
each monitor are normalized to the per-pulse beam power by
integrating the normalization monitor over peak signal range.

There is not a direct correspondence between time-of-flight
bins in each monitor due to time-of-flight broadening. The
normalization monitor signal is fit to a cubic spline in order
to interpolate for spectrum normalization. The sharp dips
in the pulse shapes in Fig. 5 are due to Bragg scattering
on aluminum windows along the path of the neutron beam.
These dips are visible at neutron energies of 4.98 and
3.74 meV, corresponding to the aluminum (200) and (111)
Bragg planes [44], respectively. The time of flight of the Bragg
edges for the normalization monitor is used to determine the
distance from the moderator and to convert each time-of-flight
bin to neutron energy. The uncertainty in time due to these
Bragg edges is 0.16 ms, which determines the uncertainty in
the normalization monitor position. The target-full spectrum
indicates no measurable neutron flux for energies above
14.5 meV (Fig. 5). This is the minimum energy necessary
for the J = 0 → 1 spin-flip transition, meaning neutrons with
energies above this threshold are scattered out of the beam
rather than transmitted through the target. The data also
contain a 240 Hz noise component with an amplitude of
a few millivolts. The amplitude is diminished by averaging
pulses over the measurement period and is only visible
for small signals. The transmission monitor signals at long
wavelengths are fit to a sinusoidal function corresponding to
the 240 Hz noise. The sinusoidal function is subtracted before
extracting the transmission. After correcting for the pedestal,
240 Hz noise, and moderator spectrum, the final corrected
transmission (Fig. 5) is given by

T (λ) = Strans,full(λ)

Strans,empty(λ)

Snorm,empty(λ)

Snorm,full(λ)

gnorm

gtrans
, (1)

where the S values are monitor signals and g are monitor gain
adjustment factors.
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FIG. 6. (Color online) Total cross section from this work in
b/atom (triangles); parahydrogen scattering cross section (squares).
The upper error bar on the parahydrogen cross section comes from
Table I and the lower error bar is given by the upper limit on the
orthohydrogen contamination.

The contamination of the transmission signal by nonfor-
ward small angle neutron scattering in our geometry was
estimated to be less than 0.1% in MCNPX [45] using the
ENDF-VII thermal cross sections [33]. The total cross section
can then be written as

σtotal(λ) = − log[T (λ)]

nl

= σabs(λ) + σscatter(λ)

= σabs(λ) + f σpara + (1 − f )σortho, (2)

where n is the number density, l is the hydrogen length,
f is the parahydrogen fraction, σabs = 0.3326 ± 0.0007 b at
2200 m/s [34], σscatter is the total scattering cross section, σortho

is the orthohydrogen scattering cross section, and σpara is the
parahydrogen scattering cross section.

The diode temperature sensors have an accuracy of 0.5
K and upward drift due to radiation damage is not worse than
0.3 K, providing a total uncertainty on the temperature of 0.6 K.
The density of the liquid hydrogen in our target is determined
from a fit to data compilations of the density of liquid hydrogen
as a function of temperature from many sources [46–48].
The transmission data include several instrumental effects
such as the monitor efficiency, the monitor dead layer, and
monitor linearity. These effects all cancel in Eq. (1) as
long as the monitors and preamplifiers are linear and the
aluminum components of the experiment were maintained
at the same temperature. The linearity of the transmission
monitor was determined from a scan of the bias voltage in
order to reduce volume recombination effects in the chambers,
with a resulting uncertainty of 0.15% for each monitor.
Controlled current injection was used to measure the linearity
of preamplifiers and the gain shift, which are 0.01% and 0.1%,
respectively.

We have determined the total cross section for liquid
hydrogen at 15.6 K from approximately 0.43 meV to
16.1 meV with an uncertainty of approximately 1%, or
0.02 b/atom over the majority of the measurement range
(Fig. 6). Because the absorption cross section is well known,
we are also able to determine a measurement band for
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