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• In a scattering experiment, a beam of radiation is incident on a 
sample	


•The distribution of radiation scattered from the sample is 
measured	


•This is determined by the interaction potential of the radiation 
and the sample	


•The radiation must be coherent (either spatially or temporally or 
both)

Scattering experiments

beam of particles

sample

detector



Scattering experiments
• “Diffraction”	


• assumes “elastic scattering” - no energy transferred to/from 
   sample	

• measurement of crystal structures, atomic correlations in  
   liquids/glasses	


 Inelastic scattering (spectroscopy)	

• energy transferred to/from sample	

• measurement of lattice vibrations (phonons), atomic  
   diffusion, molecular modes	


 Small-angle scattering	

• diffraction at very small angles	

• measuring large objects - proteins, colloids, aggregates, nano-  
   particles, etc	


 Reflectometry	

• diffraction from a surface - specular or off-specular	

• measures depth profile of thin films, membranes, etc.



Neutron interactions
• Neutron scatter via:  

- Nuclear interactions (electrons ignored)  
- Magnetic interactions (unpaired electrons)

Atom: 10-10 m

Nucleus: 10-15 m

V ∝ b

Nuclear Magnetic

V ∝ μ.B→→



Neutrons are waves

Neutron located “somewhere in Δx”	

must increase Δx to define λ better - or increase Δλ to define x better - 
Heisenberg	

!
The longer the Δx, the larger the spatial and temporal coherence of the 
neutron - more monochromatic	

!
Neutrons are usually considered as infinite plane waves 

Δx
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Scattering from single object
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Neutron interactions
• Neutron scatter via:  

- Nuclear interactions (electrons ignored)  
- Magnetic interactions (unpaired electrons)

Atom: 10-10 m

Nucleus: 10-15 m

V ∝ b

Nuclear Magnetic

V ∝ μ.B→→



Neutron interactions



So why neutrons?
•No charge - penetrating	

•Weakly interacting (small perturbation)	

•Strong magnetic interaction (s = 1/2)	

•Strong scattering from light nuclei  
(e.g. H)	

!

Thermal neutrons (λ=1.8 Å, v = 2200 ms-1)	

• λ ~ interatomic spacing	

• Ek ~ phonon excitations 
 
- developed alongside nuclear fission	

!



Neutron Sources
Fission Reactor Spallation Source



Reactor sources (ILL)



Nuclear Fission

• Each fission of 235U 
releases 200 MeV	


• 2.35 neutrons 
produced	


• so 1.35 useful 
neutrons per fission	


• energies around 
50-100 MeV per 
neutron
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Compte tenu d’un arrêt d’hiver de longue durée, 3 cycles de fonctionnement ont été 
effectués en 2010. Deux cycles se sont déroulés avec un taux de disponibilité de 100%, 
alors que le troisième a été interrompu à mi-parcours par la rupture d’un palier de l’une des 
pompes du Circuit de Refroidissement Arrêt/ Barre. 

L’arrêt d’hiver 2009/2010, d’une durée de 6 mois, a comporté des travaux importants, avec 
notamment le changement de la grille de tranquillisation située sous l’élément combustible, 
ainsi que la mise en place d’un circuit de rejet différé pour les effluents gazeux du réacteur.  

L’utilisation des neutrons par les scientifiques 

Les neutrons permettent d’explorer la matière de façon non-destructive, dans les domaines 
scientifiques les plus variés : physique, chimie, biologie et biotechnologies, 
nanotechnologies, géosciences ou génie civil. Le principe de la majorité des expériences est 
toujours le même : les scientifiques placent l’échantillon de matière à étudier dans le 
faisceau de neutrons issus du réacteur (après avoir sélectionné finement l’énergie des 
neutrons au moyen de monochromateurs et de collimateurs) ; les neutrons sont diffusés par 
l’échantillon ; la détection et la mesure des neutrons diffusés leur fournit, après traitement, 
des informations sur les caractéristiques physiques de leur échantillon. L’objectif essentiel 
est d’approfondir les connaissances sur la matière, quel que soit son état, afin de développer 
les matériaux et les médicaments du futur.  

 

ILL HFR
Safety Rod

Biological shielding 
(“swimming pool”)

Reflector tank	

(contains D2O)  

Neutron guides 

Cold Source

235U fuel element

Control rod



Spallation Sources (ISIS)



Neutron spallation

TS-1 Target 

•! ~2.3!1013 (4 "C) protons per pulse on to TS-1 tantalum coated tungsten target (40 pps) 

•! ~15–20 neutrons / proton, ~4!1014 neutrons / pulse 

•! Primary neutrons from spallation: evaporation spectrum (E ~1 MeV)  + high energy tail 

• 15-20 neutrons 
produced per proton	


• each has ~25 MeV 
energy	


• Source has 800 MeV 
energy	


• So around 1/3 of the 
energy becomes 
mass



Target stations
•EPB collides with target 
heavy metal	

•Neutrons produced by 
“spallation”	


Target: 
66mm W 

ISIS TS2 Target 

coupled 
solid CH4 

coupled H2 

decoupled 
poisoned 
solid CH4 

Beam power is 
160 kW (TS1) 
40 kW (TS2)



Neutron moderators
• Both fission and spallation sources produce high energy 

neutrons (E~1 MeV,  λ=3 x 10-4 Å)	


• Neutron scattering requires “thermal” or “slow” 
neutrons (E ~ 25 meV, λ=1.8 Å at T=293 K)	


• Neutrons can be slowed down by elastic collisions with 
light atoms (e.g. H, D, C)

• Moderators produce neutron beams with a (near) 
Maxwellian distribution of energies, at the characteristic 
temperature



Neutronics

Protons in

Be

Target

In the plane of the target



Neutronics

10 cm above the target

Be

Protons in



Neutronics

10 cm above the target

Be

Protons in

n

t100μs 200μs

Coupling



Neutronics

10 cm above the target

Be

Protons in

n

t100μs 200μs

Cadmium

Decoupling



Pulsed-source time structures 
cold  neutrons 
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(Bragg’s Law)
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Neutron diffraction

• Assumes that ki = kf  
(true for Bragg diffraction)	


• So only need to measure ki or kf	


• Performed on polycrystals (powder 
diffraction) or single crystals, or disordered 
materials



Powder diffraction

Polycrystal

θ dd sinθ

All possible crystal orientations presented to the beam



Reactor source method
for fixed wavelength, λ, measure d-
spacing as function of (2)θ� = 2d sin ✓

source

single crystal	

monochromator

2θ = 0°

2θ = 40°

2θ = 80°

2θ = 120°

θA!

θB!

A!

B!

2θ"
focusing



Example: D1B (ILL)



Time-of-flight method

L1

L2

neutron speed, v = (L1 + L2) / t

for fixed scattering angle, θ, measure d-
spacing as function of λ(t) = h/mv� = 2d sin ✓



Time-of-flight method
for fixed scattering angle, θ, measure d-
spacing as function of λ(t) = h/mv� = 2d sin ✓

distance

time

sample

detector



Time-of-flight method
for fixed scattering angle, θ, measure d-
spacing as function of λ(t) = h/mv� = 2d sin ✓

FIG. 1: Flight-path scheme with new chopper positions on the right and elliptical beam guide system on the left. The focal
points in the ellipsis system are indicate by blue dots. The beam cross section at the pulse chopper is as large as the sample
size (1⇥1 cm2). A third neutron guide is used to refocus the transmitted beam for the high pressure instrument.

tates the realization of an evacuated detector vessel,
which is important for background reduction. The re-
designed forward- and back-scattering detectors also
offer a higher coverage of the solid angle by arrang-
ing those 1 m PSDs in a hexagonal like shape. In
order to improve the resolution in forward scattering
only 0.5" PSDs will be used. The access to the sam-
ple position will be possible by horizontally dividing
the cylindrical detector in the top-most position and
sliding both halves sideways. This will also allow for
a crane access.

FIG. 2: The new detector design of POWTEX. A cylindrical
part with a radius of 125 cm is equipped with 2 m, 1" 3He
position-sensitive detectors (Achten, ZAT). In the forward-
and back-scattering area 1 m long PSDs with a width of
0.5" and 1.0" are arranged in a hexagonal like system.

We have simulated typical measurement results of
powder samples produced by POWTEX taking into
account the specific design parameters of POWTEX
(see FIG. 3), in order to assure that POWTEX can
fulfill the requirements of the different communities.
Finally, it is foreseen to locate a new experimental fa-
cility, the high pressure cell from Bayreuth University,
immediately behind POWTEX. Thus the high pres-

sure instrument will profit also from the pulsed beam
and can be operated in parallel. For this purpose the
transmitted neutron beam of POWTEX will be refo-
cused on the very small sample position in the sub-
centimeter regime of this instrument.

While POWTEX is under construction at the very mo-
ment, we expect to conduct the first measurements in
the year 2012.

The POWTEX project is funded by the BMBF.

FIG. 3: Simulation of a powder pattern for the ternary ni-
tride RhFe3N (Pm3m) with POWTEX instrumental parame-
ters. Please note that the width of the wavelength band is
limited to �� = 1.4 Å.

[1] H. Conrad, Th. Brückel, W. Schäfer, J. Voigt J. Appl.
Cryst. 2008, 41, 836–845.

[2] U. Stuhr Nucl. Instrum. Meth. A 2005, 545, 319–329.



Example: POLARIS (ISIS)



Single crystal diffraction
• Needs mm3 size single crystals - no loss of info. from 

powder averaging	


• For continuous source - only one detector needed	


• Eulerian cradle used to align crystal planes (hkl) to beam



Reactor source methods

D9, ILL

4-circle diffractometer



Reactor source methods
Laue Diffraction	

• White beam method	

• So no prior knowledge of ki or kf

(110)(310)

(120)

λ(110)

λ(120)

λ(310)

Peak position depends 
only on angle of 
crystal plane 	

!
not on d-spacing	

!
Good for crystal 
orientation, and 
looking for new/weak 
reflections



Example: LADI

0.5 mm



Time-of-flight method
• Large area PSD detectors used to pick 

up as many reflections as possible	


• Like Laue diffraction, but d-spacings 
known via time-of-flight	


• E.g. SXD at ISIS (also WISH)



Small-angle scattering
Small angles → large d-spacings	

e.g. polymers, colloids, proteins

� = 2d sin ✓

2θ 
2θ 

Velocity selector	

Δλ/λ ~ 10 %

Collimator
Detector

High count rates	

common	

!
Kinetics



Small-angle scattering
Small angles → large d-spacings	

e.g. polymers, colloids, proteins

� = 2d sin ✓

2θ 
2θ 

Bandwidth chopper	

4 Å to 8 Å width	

!
Provides much wider Q range

Both methods used on reactor sources; chopper method used at ISIS

Collimator
Detector



Small-angle scattering
For access to smallest angles, need to remove beam 
divergence using collimators

Soller collimator

5 cm 5 cm
< 30 m < 0.1°

Pair of slits



Example: D33/SANS2D

 

vanes, or the tops and bottoms of the channels. Though this may cause more neutrons to be transmitted 
through the bender they do not go on through the following straight guide and pinhole collimation to 
reach the sample.  

The bender entrance is placed at 3.7 m from the 83 mm  wide x 30 mm tall face of the grooved, 
coupled, cold moderator [1]. Some modest gains could be made by placing the entrance closer to the 
moderator, but due to the added complexity of putting a bender through the main beam shutter 
mechanism this was not considered viable. The bender exit at 6.95m also conveniently places a gap for 
a 10Hz beam chopper just outside the target station wall. The centre line of the straight through beam is 
separated from the bent beam by 39 mm at the bender exit and 328 mm at the 19m sample position. 
The acceptance angles of the bender entrance are well matched to the grooved moderator geometry. 
The groove is estimated to gain 40% in flux per unit area compared to a more extended moderator face. 
In the vertical direction the moderator height is less than projections through the normal pinhole 
apertures would predict for larger sample sizes (say source A1 = 20 mm, sample A2 = 10 mm diameter). 
Monte-Carlo calculations suggest that for a 10 mm sample diameter, with sample –  detector distance L2 
~ 4 m the gain is ~ 20%, whilst the full gain of 40% is reached by L2 = 12 m.  The full 40% gain is of 
course reached more rapidly for smaller collimation apertures. 

 
 

 
 

Figure 2: Schematic of SANS2d at ISIS TS-2, bender exit at 7 m , sample at 19m and sample – 
detector distances L2 = L1 =  2 to  12 m give a Q range 0.002 to > 2.5 Å-1 with ? = 1.5 to 12 
Å. 

2.2 Straight guides and collimation. 
After the bender and chopper are up to 10 m of evacuated straight guide in 5 sections of 2 m, each 

of which may be swapped for collimation tubes. The first two sections are essentially a single 4 m 
length, though they will move out in opposite directions. Guide lengths in use will be 0, 4, 6, 8, 10 m, 
followed by 2 m of collimation prior to the sample to suit L1 =  L2 collimation and sample -detector 
distances of 12, 8, 6, 4, and 2 m respectively. Though for manufacturing convenience each 2m 
guide/collimation section will be identical, great care will be taken to step their shielding blocks in 
order to avoid “shine paths” along the beam line. Each section will weigh ~ 4 tons due to the desire to 
have ~ 150 mm of steel and other shielding around the beam tubes. The sections will move vertically to 
both remove shine paths down “unused” tubes resting on the fast neutron side of the beam.  

Optimal SANS requires L1 = L2, A1 = 2A2 type pinhole collimation (see e.g. [4]). If the maximum 
beam at sample, as required by the user community, is 15 mm then the maximum A1 or guide exit size 
should be 30 mm. Monte-Carlo results using NISP [3] show significant gravitational separation of 
longer wavelength neutrons towards the bottom of the neutron guide over the up to 10m of straight 
guide here. The effects of this are minimized, with an improvement of long wavelength flux, by using a 
30 mm wide x 20 mm tall guide rather than 30 x 30 (or larger as on many other reactor instruments). A 
relatively small guide aperture should also help to reduce backgrounds, though will make accurate 
guide alignment more challenging due to lack of access for alignment mirrors or similar. 

Chopper
Bender

Sample Movable
Detectors

Removable Guides

choppers!
movable detectors!removable guides!

sample!

D33 @ ILL!

SANS2D @ ISIS TS2!



Neutron reflectometry
• Reflection from surfaces (films) and interfaces

in out

L
og

θin = θout  - specular reflectivity 	

θin ≠ θout  - off-specular reflectivity	


Depth profile of  
film/surface



Neutron reflectometry

θθ

θθ

Monochromatic

Time-of-flight

Scan through θ

θ fixed

� = 2d sin ✓

Scan through λ

λ fixed

Both methods used on reactor sources; chopper method used at ISIS



Off-specular reflection
• Replace single detector with PSD to measure in-

plane effects

Component of Q in the plane



Neutron spectroscopy
• Measurement of excitations in matter 

e.g. phonons, magnons, vibrations, tunnelling	


• For inelastic scattering, ki ≠ kf	


• Need to measure both ki and kf	


• Can use, crystals, time-of-flight, and spin-
methods (and resonant absorption)



Scattering triangle

�E = �~! =
~2

2mn
(k2

i � k2
f )

Energy transferMomentum transfer

�~p = �~ ~Q = ~(~ki � ~kf )

ki

kfQ

2θ

Q2
= k2

i + k2
f � 2kikf cos 2✓

Accessible kinematic range given by scattering triangle



Chopper spectrometers
• “Direct” Geometry → fixed ki variable kf	


• Used on reactor and pulsed sources

Fermi chopper



Choppers - pulsed

time

chopper

detector

sample

0

distance

Fix ki by time delay with respect to source	

Measure kf using time-of-flight

detector



Choppers - reactor

Can also use a monochromator in place of chopper 2

time

chopper 2

detector

sample

distance
detector

chopper 1



ChoppersDisk choppers

f < 300 Hz 

Δt > 10μs

f < 600 Hz 

Δt > 1μs

Fermi chopper Disc chopper



Examples: IN5 and MAPS

• energy ranges from 
20 μeV to 1 eV	


• massive detector 
arrays 
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Fig. 6. (Color online) (a),(b) Excitation spectra of a powder sample of
BaFe2(As0.65P0.35)2 at 5 K (a) and 32 K (b) with Ei = 45.5 meV.20) The
horizontal axis and the vertical axis show the momentum transfer and the en-
ergy transfer, respectively. The mass of the sample is ∼36 g and the measure-
ment time is ∼19 h. (c),(d) Excitation spectra of single crystals of CuGeO3 at
5 K by multi-Ei measurement with Ei = 45.6 meV (c) and 21.6 meV (d).21)

The total mass of the crystals is ∼25 g, and the measurement time is ∼14 h.
The horizontal axis shows the c component of the momentum transfer in the
reciprocal lattice unit (r.l.u.) and the vertical axis shows the energy transfer.
(e),(f) Two-dimensional cut of the excitation spectra of a single crystal of
La2CoO4.24 at 6 K with Ei = 21.6 meV on the h-k plane at E = 7±1 meV (e)
and that on the h-E plane at k = 0.5 ± 0.1 r.l.u. (f).22) The mass of the crystal
is ∼4 g and the measurement time is ∼2.5 days.

horizontal plane, and the incident beam was parallel to the b
axis. Since the magnetic excitation is 1D along the c direc-
tion, we can project the data along the b direction (parallel to
the beam) and integrate the data along the a direction (length
direction of the detector tubes). Thus, we can again obtain a
high measurement efficiency. Furthermore, Figs. 6(c) and 6(d)
are good examples of multi-Ei measurements. These two data
sets were obtained in one multi-Ei measurement, from which
we could also obtain data with Ei = 152.0 and 12.6 meV. In
the data with the higher Ei [Fig. 6(c)], we can observe the
whole picture of the magnetic excitations, composed of an in-
tense low-energy mode with a clear dispersion relation, and a
less intense spin continuum extending to 32 meV. On the other
hand, we can zoom in on the low-energy part of the magnetic
excitation with the lower Ei data [Fig. 6(d)].2, 21)

Figures 6(e) and 6(f) show examples of measurements of
a single crystal of a 2D system, La2CoO4.24, measured with
Ei = 21.6 meV at 6 K. The compound has a layered per-
ovskite structure, where spins of Co ions form 2D layers per-
pendicular to the c axis. Excess oxygen atoms introduce holes
on the Co layers by an amount of ∼50% per Co site; this modi-

fies the magnetic structure as well as the magnetic excitations.
In this experiment, the crystal was aligned so that the incident
beam was parallel to the c axis. The two-dimensionality of the
magnetic excitations allows us to project the data on the plane
perpendicular to the c axis. Accordingly, we can observe a
wide region in the h-k plane on the 2D detector. Figure 6(e)
shows a 2D map of the magnetic excitations on the h-k plane
at E ∼ 7 meV, and Fig. 6(f) shows the 2D map on the h-E
plane at k ∼ 0 (we use the orthorhombic unit cell). We can
see that the cones of spin wave dispersions develop around
(h, k) = (half integer, integer) or (integer, half integer).

In the case of a 3D system, we cannot perform the averag-
ing, integration, or projection of the data as described above.
Furthermore, although a chopper spectrometer can measure a
wide region of Q and E at one time, the scan trajectory forms
a curved surface in Q-E space. Therefore, it is difficult to per-
form conventional constant-Q or constant-E scans. In order
to obtain data at arbitrary Q and E positions, we must ro-
tate the crystal or change Ei during the measurements so that
the curved scan trajectory covers the entire four-dimensional
space of Q and E. Naturally, this requires a high neutron flux,
long measurement time, and high-speed data analysis. How-
ever, thanks to increases in neutron flux and computing power
in state-of-the-art neutron experimental facilities, this type
of measurement has recently been performed. As for 4SEA-
SONS, we are developing data acquisition and analysis soft-
ware for such measurements, and some measurements on 3D
systems have already been performed.

3.3 High energy measurement with a T0 chopper
The examples shown in the above subsection were the re-

sults obtained using relatively low Ei values. As Ei increases,
measurement becomes more difficult because the available
neutron flux decreases significantly. Therefore, the suppres-
sion of background scattering to increase the signal-to-noise
(S/N) ratio is important especially for high Ei measurements.
We have already taken several measures to suppress the back-
ground, as described elsewhere,11) and are continuing to im-
prove the system with regard to the background problem.
Among the measures taken, the installation of the T0 chopper
is the most effective for background suppression, especially in
high-energy regions with Ei > ∼100 meV. Unfortunately, the
T0 chopper became available only recently because of a de-
lay in its development, and it had not been installed when we
performed the measurements shown in Fig. 6. Since the back-
ground due to high-energy neutrons was quite low in those Ei
regions, we could clearly observe the excitation signals even
without the T0 chopper. However, the T0 chopper is indis-
pensable for measurements with higher Ei values.

Figure 7 shows a comparison of data with and without the
T0 chopper. These data are measurements of magnetic excita-
tions in a single crystal of a mother compound of the Fe-based
superconductor BaFe2As2. In this compound, magnetic exci-
tations from the antiferromagnetic ordering of Fe spins exist
up to E > 100 meV. We aligned the crystal so that the in-
cident beam with Ei = 153 meV was parallel to the c axis,
and performed data analysis in a similar manner to the case
of La2CoO4.24 assuming that the magnetic excitations were
2D. The difference in the utilized neutron flux between these
data was normalized by the counts of the proton beam in-
jected into the neutron target. Figures 7(a) and 7(b) show 2D
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Fig. 6. (Color online) (a),(b) Excitation spectra of a powder sample of
BaFe2(As0.65P0.35)2 at 5 K (a) and 32 K (b) with Ei = 45.5 meV.20) The
horizontal axis and the vertical axis show the momentum transfer and the en-
ergy transfer, respectively. The mass of the sample is ∼36 g and the measure-
ment time is ∼19 h. (c),(d) Excitation spectra of single crystals of CuGeO3 at
5 K by multi-Ei measurement with Ei = 45.6 meV (c) and 21.6 meV (d).21)

The total mass of the crystals is ∼25 g, and the measurement time is ∼14 h.
The horizontal axis shows the c component of the momentum transfer in the
reciprocal lattice unit (r.l.u.) and the vertical axis shows the energy transfer.
(e),(f) Two-dimensional cut of the excitation spectra of a single crystal of
La2CoO4.24 at 6 K with Ei = 21.6 meV on the h-k plane at E = 7±1 meV (e)
and that on the h-E plane at k = 0.5 ± 0.1 r.l.u. (f).22) The mass of the crystal
is ∼4 g and the measurement time is ∼2.5 days.

horizontal plane, and the incident beam was parallel to the b
axis. Since the magnetic excitation is 1D along the c direc-
tion, we can project the data along the b direction (parallel to
the beam) and integrate the data along the a direction (length
direction of the detector tubes). Thus, we can again obtain a
high measurement efficiency. Furthermore, Figs. 6(c) and 6(d)
are good examples of multi-Ei measurements. These two data
sets were obtained in one multi-Ei measurement, from which
we could also obtain data with Ei = 152.0 and 12.6 meV. In
the data with the higher Ei [Fig. 6(c)], we can observe the
whole picture of the magnetic excitations, composed of an in-
tense low-energy mode with a clear dispersion relation, and a
less intense spin continuum extending to 32 meV. On the other
hand, we can zoom in on the low-energy part of the magnetic
excitation with the lower Ei data [Fig. 6(d)].2, 21)

Figures 6(e) and 6(f) show examples of measurements of
a single crystal of a 2D system, La2CoO4.24, measured with
Ei = 21.6 meV at 6 K. The compound has a layered per-
ovskite structure, where spins of Co ions form 2D layers per-
pendicular to the c axis. Excess oxygen atoms introduce holes
on the Co layers by an amount of ∼50% per Co site; this modi-

fies the magnetic structure as well as the magnetic excitations.
In this experiment, the crystal was aligned so that the incident
beam was parallel to the c axis. The two-dimensionality of the
magnetic excitations allows us to project the data on the plane
perpendicular to the c axis. Accordingly, we can observe a
wide region in the h-k plane on the 2D detector. Figure 6(e)
shows a 2D map of the magnetic excitations on the h-k plane
at E ∼ 7 meV, and Fig. 6(f) shows the 2D map on the h-E
plane at k ∼ 0 (we use the orthorhombic unit cell). We can
see that the cones of spin wave dispersions develop around
(h, k) = (half integer, integer) or (integer, half integer).

In the case of a 3D system, we cannot perform the averag-
ing, integration, or projection of the data as described above.
Furthermore, although a chopper spectrometer can measure a
wide region of Q and E at one time, the scan trajectory forms
a curved surface in Q-E space. Therefore, it is difficult to per-
form conventional constant-Q or constant-E scans. In order
to obtain data at arbitrary Q and E positions, we must ro-
tate the crystal or change Ei during the measurements so that
the curved scan trajectory covers the entire four-dimensional
space of Q and E. Naturally, this requires a high neutron flux,
long measurement time, and high-speed data analysis. How-
ever, thanks to increases in neutron flux and computing power
in state-of-the-art neutron experimental facilities, this type
of measurement has recently been performed. As for 4SEA-
SONS, we are developing data acquisition and analysis soft-
ware for such measurements, and some measurements on 3D
systems have already been performed.

3.3 High energy measurement with a T0 chopper
The examples shown in the above subsection were the re-

sults obtained using relatively low Ei values. As Ei increases,
measurement becomes more difficult because the available
neutron flux decreases significantly. Therefore, the suppres-
sion of background scattering to increase the signal-to-noise
(S/N) ratio is important especially for high Ei measurements.
We have already taken several measures to suppress the back-
ground, as described elsewhere,11) and are continuing to im-
prove the system with regard to the background problem.
Among the measures taken, the installation of the T0 chopper
is the most effective for background suppression, especially in
high-energy regions with Ei > ∼100 meV. Unfortunately, the
T0 chopper became available only recently because of a de-
lay in its development, and it had not been installed when we
performed the measurements shown in Fig. 6. Since the back-
ground due to high-energy neutrons was quite low in those Ei
regions, we could clearly observe the excitation signals even
without the T0 chopper. However, the T0 chopper is indis-
pensable for measurements with higher Ei values.

Figure 7 shows a comparison of data with and without the
T0 chopper. These data are measurements of magnetic excita-
tions in a single crystal of a mother compound of the Fe-based
superconductor BaFe2As2. In this compound, magnetic exci-
tations from the antiferromagnetic ordering of Fe spins exist
up to E > 100 meV. We aligned the crystal so that the in-
cident beam with Ei = 153 meV was parallel to the c axis,
and performed data analysis in a similar manner to the case
of La2CoO4.24 assuming that the magnetic excitations were
2D. The difference in the utilized neutron flux between these
data was normalized by the counts of the proton beam in-
jected into the neutron target. Figures 7(a) and 7(b) show 2D
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Fig. 6. (Color online) (a),(b) Excitation spectra of a powder sample of
BaFe2(As0.65P0.35)2 at 5 K (a) and 32 K (b) with Ei = 45.5 meV.20) The
horizontal axis and the vertical axis show the momentum transfer and the en-
ergy transfer, respectively. The mass of the sample is ∼36 g and the measure-
ment time is ∼19 h. (c),(d) Excitation spectra of single crystals of CuGeO3 at
5 K by multi-Ei measurement with Ei = 45.6 meV (c) and 21.6 meV (d).21)

The total mass of the crystals is ∼25 g, and the measurement time is ∼14 h.
The horizontal axis shows the c component of the momentum transfer in the
reciprocal lattice unit (r.l.u.) and the vertical axis shows the energy transfer.
(e),(f) Two-dimensional cut of the excitation spectra of a single crystal of
La2CoO4.24 at 6 K with Ei = 21.6 meV on the h-k plane at E = 7±1 meV (e)
and that on the h-E plane at k = 0.5 ± 0.1 r.l.u. (f).22) The mass of the crystal
is ∼4 g and the measurement time is ∼2.5 days.

horizontal plane, and the incident beam was parallel to the b
axis. Since the magnetic excitation is 1D along the c direc-
tion, we can project the data along the b direction (parallel to
the beam) and integrate the data along the a direction (length
direction of the detector tubes). Thus, we can again obtain a
high measurement efficiency. Furthermore, Figs. 6(c) and 6(d)
are good examples of multi-Ei measurements. These two data
sets were obtained in one multi-Ei measurement, from which
we could also obtain data with Ei = 152.0 and 12.6 meV. In
the data with the higher Ei [Fig. 6(c)], we can observe the
whole picture of the magnetic excitations, composed of an in-
tense low-energy mode with a clear dispersion relation, and a
less intense spin continuum extending to 32 meV. On the other
hand, we can zoom in on the low-energy part of the magnetic
excitation with the lower Ei data [Fig. 6(d)].2, 21)

Figures 6(e) and 6(f) show examples of measurements of
a single crystal of a 2D system, La2CoO4.24, measured with
Ei = 21.6 meV at 6 K. The compound has a layered per-
ovskite structure, where spins of Co ions form 2D layers per-
pendicular to the c axis. Excess oxygen atoms introduce holes
on the Co layers by an amount of ∼50% per Co site; this modi-

fies the magnetic structure as well as the magnetic excitations.
In this experiment, the crystal was aligned so that the incident
beam was parallel to the c axis. The two-dimensionality of the
magnetic excitations allows us to project the data on the plane
perpendicular to the c axis. Accordingly, we can observe a
wide region in the h-k plane on the 2D detector. Figure 6(e)
shows a 2D map of the magnetic excitations on the h-k plane
at E ∼ 7 meV, and Fig. 6(f) shows the 2D map on the h-E
plane at k ∼ 0 (we use the orthorhombic unit cell). We can
see that the cones of spin wave dispersions develop around
(h, k) = (half integer, integer) or (integer, half integer).

In the case of a 3D system, we cannot perform the averag-
ing, integration, or projection of the data as described above.
Furthermore, although a chopper spectrometer can measure a
wide region of Q and E at one time, the scan trajectory forms
a curved surface in Q-E space. Therefore, it is difficult to per-
form conventional constant-Q or constant-E scans. In order
to obtain data at arbitrary Q and E positions, we must ro-
tate the crystal or change Ei during the measurements so that
the curved scan trajectory covers the entire four-dimensional
space of Q and E. Naturally, this requires a high neutron flux,
long measurement time, and high-speed data analysis. How-
ever, thanks to increases in neutron flux and computing power
in state-of-the-art neutron experimental facilities, this type
of measurement has recently been performed. As for 4SEA-
SONS, we are developing data acquisition and analysis soft-
ware for such measurements, and some measurements on 3D
systems have already been performed.

3.3 High energy measurement with a T0 chopper
The examples shown in the above subsection were the re-

sults obtained using relatively low Ei values. As Ei increases,
measurement becomes more difficult because the available
neutron flux decreases significantly. Therefore, the suppres-
sion of background scattering to increase the signal-to-noise
(S/N) ratio is important especially for high Ei measurements.
We have already taken several measures to suppress the back-
ground, as described elsewhere,11) and are continuing to im-
prove the system with regard to the background problem.
Among the measures taken, the installation of the T0 chopper
is the most effective for background suppression, especially in
high-energy regions with Ei > ∼100 meV. Unfortunately, the
T0 chopper became available only recently because of a de-
lay in its development, and it had not been installed when we
performed the measurements shown in Fig. 6. Since the back-
ground due to high-energy neutrons was quite low in those Ei
regions, we could clearly observe the excitation signals even
without the T0 chopper. However, the T0 chopper is indis-
pensable for measurements with higher Ei values.

Figure 7 shows a comparison of data with and without the
T0 chopper. These data are measurements of magnetic excita-
tions in a single crystal of a mother compound of the Fe-based
superconductor BaFe2As2. In this compound, magnetic exci-
tations from the antiferromagnetic ordering of Fe spins exist
up to E > 100 meV. We aligned the crystal so that the in-
cident beam with Ei = 153 meV was parallel to the c axis,
and performed data analysis in a similar manner to the case
of La2CoO4.24 assuming that the magnetic excitations were
2D. The difference in the utilized neutron flux between these
data was normalized by the counts of the proton beam in-
jected into the neutron target. Figures 7(a) and 7(b) show 2D
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