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Neutrons are special
Charge neutral 
Deeply penetrating 

Li motion  in fuel cells

Help build electric cars

Nuclear scattering 
Sensitive to light elements 

and isotopes 

Active-site region of hAR 

!  Catalyzes the reduction of glucose to sorbitol, the first step in the alternative ‘polyol 
pathway’ of glucose metabolism 

!  Highest resolution X-ray structure for a medium-sized protein (36kDa) 
!  Overall more than half (54%) the H-atoms were seen, while in the active-site 77% 

of H-atoms were visible 
!  Some of the key H-atoms were not seen due to their mobility (high B-factors) hence 

the protonation states of key active-site residues were unknown 

Tertiary structure of 
hAR 

Active-site region of hAR 

Plot of %visibility of H-
atoms in hAR vs B-factor of 
bonded atom  

Blakeley et al 

Actives sites in proteins

Better drugs

S=1/2 spin  
probe directly magnetism
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T=2K

Solve the puzzle of High-Tc 
superconductivity

Efficient high speed trains

Test AdS/CFT correspondence
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First neutron instruments

1950s
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D1A / D2B (ILL)
D1B (ILL)

1970s
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The Next Generation at ILL

Alan Hewat, Super-D2B, EPDIC-IX, Prague, 3 Sept 2004

UK-EPSRC Super-D2B project at ILL

2D detectors for CW Powder Diffraction

E.Suard, C.Ritter, A.Hewat, P.Attfield… (Edinburgh)

•128 Detectors
•Relative long 

detectors
•Need to integrate 

over Debye 
Scherer Rings
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D20 at ILL

• Large monochromator viewing a 
large beam cross section
• Various λ available
• Large continuous coverage micro-
strip detector

-Major technological challenge
• Relative ease in changing take-off 
angle from low to high resolution.
• Flexible set-up in special 
environments

- Pressure cells
- Reaction cells 
- Furnaces ...

Monochromator 
Drum

Continuous 120 
deg detector 
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Flexible resolution on D20

Overlap at high Q makes structural 
refinements impossible with high-flux data

Na2Ca3Al2F14 in q-space (4πsinθ/λ) 

60s Cu(200) 1.297 Å at 42° takeoff (black)

120s Ge(117) 1.36 Å at 120° takeoff (red)
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Fast data collection / processes

D.P.Riley et al. J. Am. Ceramic. Soc. 2002, 2417-2424.

Ti3SiC2 made by hot isostatic pressing is 
expensive
In-situ investigation of thermal explosion 
synthesis (TES)
Initiate by heating from 850-1050 °C at 100 °C/
min
Acquisition time 500 ms (300 ms deadtime)
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Experiment band-structures showing 
that the Fermi-surface nesting 
destabilizes with pressure (like with 
doping x) to allow superconductivity to 
emerge.

NATURE MATERIALS DOI: 10.1038/NMAT2443
LETTERS
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Figure 2 | Results of high-pressure neutron diffraction experiment. a, The
observed, calculated and difference plots for the Rietveld fit to the neutron
diffraction profile of BaFe2As2 at 1 GPa and 17 K; the refinement converged
with �2 = 1.34, Rwp = 0.043. The hump at ⇠35� is from the
pressure-transmitting medium. b, The (220) peak at 150 K in the tetragonal
phase and the corresponding (400) and (040) peaks in the orthorhombic
phase at 17 K. c, The pressure–temperature phase diagram of BaFe2As2.
The cell volume is visualized as a colour map, the triangles show the
experimental data points, the arrows show the directions of
temperature–pressure changes during data collection and the dashed line
shows the approximate T–O phase boundary. Also shown is the schematic
superconducting region. Structural parameters obtained and used in
computations were: at ⇠1 GPa, 17 K, a = 5.6021(3), b = 5.6395(2),
c = 12.9708(6) Å and As z = 0.3556(3); at ⇠3 GPa, 17 K, a = 3.9459(4),
c = 12.802(2) Å and As z = 0.3574(6); at ⇠6 GPa, 4 K, a = 3.9134(5),
c = 12.576(3) Å and As z = 0.3609(6).

mimic those that occur as a function of chemical substitution.
To correlate these changes with the electronic band structure we
have carried out calculations for BaFe2As2 under pressure and
with doping. Under ambient conditions, we find a (⇡/a,⇡/b,0)
SDW instability caused by Fermi-surface nesting as reported
elsewhere18–21. Notably, the nesting is intra-orbital, between the
inner hole-like sheet of dominant dxz/dyz character at the 0-point
and the inner electron-like sheet of dominant dxz/dyz character at
the X-point (Fig. 4b). As pressure increases to 3GPa, this nesting,
and presumably long-range magnetic order, is lost. At higher
pressures (6GPa) we again find nesting, this time interorbital,
between the outer dx2�y2 -dominated sheet at the 0-point and the
inner dxz/dyz -dominated sheet at the X-point (Fig. 4b, KZ = ⇡/c).
This is consistent with recent experimental observations of a
magnetic resonance at the same wavevector in the superconducting
state22. Competition between different kinds of nesting has
also been suggested as a possible candidate for the observed
competition between magnetic order and superconductivity in
the iron arsenides23. The comparison we draw between doping
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Figure 3 | Structural response of BaFe2As2 to applied pressure. a, The
pressure dependencies of the normalized a and c lattice parameters at
150 K and 75 K (at 150 K, a0 = 3.986(1), c0 = 13.058(3) Å; at 75 K,
a0 = 3.998(1), c0 = 13.0(1) Å). We fitted the normalized cell parameters by
linear regression; the compressibilities (k

a

= 1/a(da/dP) and so on) are
anisotropic, with k

a

= 3.18(5)⇥ 10�3 GPa�1 and k

c

= 6.22(5)⇥ 10�3 GPa�1.
Also shown is the a lattice parameter (blue triangles) in the solid solution
Ba1�x

K
x

Fe2As2 (ref. 8). b, The normalized Fe–As and Ba–As bond lengths
at 150 K as a function of pressure; the Ba–As compressibility is
k = 6.9(2)⇥ 10�3 GPa�1. Error bars represent the standard uncertainty
from the Rietveld refinement of the diffraction data.

and pressure in the specific case of BaFe2As2 is reinforced by the
similar evolution of the band structure near the Fermi energy EF
shown in Supplementary Figs S4 and S5. We attribute the lower
superconducting TC under pressure to a slightly smaller N (EF) for
the pressure case (4.19 versus 4.29 states/eV/unit cell).

In summary, our results offer a possible explanation of why
both doping and pressure induce superconductivity in BaFe2As2,
as the structural changes to the FeAs layer in both cases reduce
nesting and hence destabilize the SDW ground state. We have
identified a contraction in the nearest-neighbour Fe–Fe distance
and a regularization of the FeAs4 tetrahedron as the structural
changes responsible and shown that, in contrast with the cuprates,
charge doping plays a lesser role. A better analogy for the
FeAs superconductors may thus be metallic spin-fluctuation-
mediated superconductors such as CeCu2Si2, where pressure- and
composition-tuned competition between itinerant magnetic order

NATUREMATERIALS | VOL 8 | JUNE 2009 | www.nature.com/naturematerials 473

Powder Diffraction and Modeling
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Two ways to produce Intense 
Neutron Beams Safely

Fission:One neutron in, three neutrons out
How: Use a nuclear reactors ILL - France

ESS-Sweden

Spallation: Up to 30 neutrons per proton !
How: Use an accelerator to propel a proton 
onto on a tungsten element target
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97-3792B uc/djr

Anatomy of a Pulsed Spallation Neutron Source

Ion Source
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time

FWHM ~ 1µs
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High Energy Neutrons

Proton Pulse
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POLARIS + HRPD (ISIS)

POLARIS 1991

POLARIS 
1996-2010
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POLARIS (ISIS)

POLARIS 1991

December 1994 Neutron Difftaction Investigution oJ the Aging Process in Magnesia-Partially-Stabilized Zirc oniu 

Composition of Mg-PSZ, as Determined from Neutron Diffraction, Table I. 
Before, During, and After Aging 

Composition ( ~ 1 % )  
Condition c ZrO, r ZrO, 6 phase m ZrO, D ZrO, 

As-fired (RT) 
(MRPD) 44.7 (6) 55.3 (4) 
(Polaris) 44.8(6) 55.2(4) 

At 1100°C after 
Oh 40.3 (6) 56.3 (4) 3.4(4) 
I h  33.6(5) 58.8(5) 7.67(6) 
2 h  25.2(5) 63.2(6) 11.3(5) 
4 h  14 7(6) 67.6(4) 17.7(4) 

10 h (end of hold) 5 l(8) 72.8(2) 22.2(3) 

After cooling to RT (HRPD) 5.1 (8) 18.7(4) 21.4(3) 41 7(2) 10.2(4) 

3075 

Table 11. Linear Thermal Expansion Coefficients for the 
c-Phase and &Phase 

Lattice parameter at 293 K 
Phase inm) 01 ( 1 0  '/K)' 

Cubic a, 0.50704(5) 1.11 ( I )  
Tetragonal a, 0.35885 (4) 1.01(1) 
Tetragonal c, 0.5 1763 (6) 1.43(1) 

'Constants obtained tram fitting the lattice parameters determined from Rietveld 
refinements with u ( T )  = u2,,[ 1 + a(T - 293)1, where uzu, is the lattice parameter at 
293 K,  and OL is the linear thermal expansion coefficient. 

anisotropy in the expansion of the t-phase, noted in the previous 
study," has been confirmed in the present work. 

Examination and analysis of the 36 patterns recorded at the 
hold temperature (1 100°C) has provided a wealth of detail on 
the processes occurring during subeutectoid aging, as will be 
described below. 

As can be seen from changes in relative intensities in the pat- 
terns recorded at the hold temperature (Fig. l), the relative 
amounts of the c-phase, t-phase, and 6-phase change as the 
aging proceeds. The compositions at a few selected times are 
included in Table I; the detail on how the composition changes 
during aging is shown in Fig. 2. The &-phase develops, and 
there is also an increase in the amount of t-phase, both at the 
expense of the c-phase. These changes can be fitted using sim- 
ple exponential functions, each of which incorporates the total 
rate constant for loss of c-phase to t-phase and 6-phase. The fit 
shown (Fig. 2) corresponds to a value of 0.34 h ~ ' for the total 
decay constant at 1100°C; from the relative production of the 

0 2 4 6 8 10 

Ageing Time (hours) 

Fig. 2. Variation in the amounts of the c-phase, t-phase, and &phase 
with aging time at 1100°C. The lines through the data points represent 
the fit of simple exponentials with a common rate constant, to the 
observed phase amounts. 

t-phase and 6-phase it can be inferred that the fractional decay 
rates of the c-phase to the t-phase and 6-phase are 0.15 and 0.19 
h-  I ,  respectively. According to the fitted exponentials, the com- 
position tends in the limit of long aging times to an end-point at 
5% c-phase, 72% t-phase, and 23% 6-phase. 

Analyses by the Rietveld method provide rather precise val- 
ues for lattice parameters (though it will be seen that the preci- 
sion of the cubic lattice parameter deteriorates at long aging 
times when the amount of this phase diminishes), so the 
changes in these parameters during aging can be followed. The 
a parameter in t-ZrO, did not change, but the c parameter of the 
t-phase and the aparameter of the c-phase increased as shown 
in Fig. 3. These increases are attributed to the expulsion of MgO 
stabilizer from both the c-phase and t-phase, with the expelled 
stabilizer being incorporated in the &phase. In an attempt to 
quantify this effect, we have first assumed that the slope of the 
lattice parameter versus MgO content line is the same at I 100°C 
as indicated for room temperature by Scott, in which case the 
increase in c, implies a reduction of 0.6% during aging in the 
stabilizer content in the t-phase. 

Inspection of the patterns shown in Fig. 1 reveals that the 
peaks become broader as the aging proceeds. A major contribu- 
tion to peak broadening comes from strain in the tetragonal 
precipitates, especially from that component parallel to the 
c-axis. This is to be expected given the lenticular shape of the 
t-precipitates. Analysis of the peak profiles gives a root mean 
square (rms) value of 0.4% for this component of strain at the 
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Fig. 3. c-ZrO, a lattice parameter ( a , )  and the t-ZrO, c lattice param- 
eter (c,) as a function of aging temperature, at 1 100°C. Lattice paramc- 
ters were determined using the Rietvcld method. 
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Y-Partially stabilized zirconia
Argyriou, Howard and Smith (1994)
15 minute data from 10g sample

POLARIS 
1996-2010
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Step change in instrumentation

• High count rate / efficiency
• Large detector arrays
• Optimised beam transport
• Flexible resolution

GEM
@ISIS

D20 @ILL

late 1990s

http://www.ill.eu/index.php?eID=tx_cms_showpic&file=fileadmin/users_files/img/instruments_and_support/instruments_and_groups/D20/layoutD20.jpg&title=Image&width=800m&height=600m&bodyTag=%253Cbody+bgcolor=%2522%2523F0F0F0%2522%253E&wrap=%253Ca+href=%2522javascript:close();%2522%253E+%257C+%253C/a%253E%253Cbr%253E%253Cdiv+align=%2522center%2522%253E%253Cfont+face=%2522Tahoma%2522+color=%2522%2523000000%2522+size=%25222%2522%253E%253Cb%253E%253C/b%253E%253C/font%253E%253C/div%253E&md5=671c1f09eeba1adb16ddea6f9d002bc2
http://www.ill.eu/index.php?eID=tx_cms_showpic&file=fileadmin/users_files/img/instruments_and_support/instruments_and_groups/D20/layoutD20.jpg&title=Image&width=800m&height=600m&bodyTag=%253Cbody+bgcolor=%2522%2523F0F0F0%2522%253E&wrap=%253Ca+href=%2522javascript:close();%2522%253E+%257C+%253C/a%253E%253Cbr%253E%253Cdiv+align=%2522center%2522%253E%253Cfont+face=%2522Tahoma%2522+color=%2522%2523000000%2522+size=%25222%2522%253E%253Cb%253E%253C/b%253E%253C/font%253E%253C/div%253E&md5=671c1f09eeba1adb16ddea6f9d002bc2
http://www.ill.eu/index.php?eID=tx_cms_showpic&file=fileadmin/users_files/img/instruments_and_support/instruments_and_groups/D20/layoutD20.jpg&title=Image&width=800m&height=600m&bodyTag=%253Cbody+bgcolor=%2522%2523F0F0F0%2522%253E&wrap=%253Ca+href=%2522javascript:close();%2522%253E+%257C+%253C/a%253E%253Cbr%253E%253Cdiv+align=%2522center%2522%253E%253Cfont+face=%2522Tahoma%2522+color=%2522%2523000000%2522+size=%25222%2522%253E%253Cb%253E%253C/b%253E%253C/font%253E%253C/div%253E&md5=671c1f09eeba1adb16ddea6f9d002bc2
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Understanding the Insulating Phase in Colossal Magnetoresistance Manganites: Shortening
of the Jahn-Teller Long-Bond across the Phase Diagram of La1!xCaxMnO3
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The detailed evolution of the magnitude of the local Jahn-Teller (JT) distortion in La1!xCaxMnO3 is
obtained across the phase diagram for 0 " x " 0:5 from high-quality neutron diffraction data using the
atomic pair distribution function method. A local JT distortion is observed in the insulating phase for all
Ca concentrations studied. However, in contrast with earlier local structure studies, its magnitude is not
constant, but decreases continuously with increasing Ca content. This observation is at odds with a simple
small-polaron picture for the insulating state.

DOI: 10.1103/PhysRevLett.98.137203 PACS numbers: 75.47.Gk, 61.12.!q, 71.38.!k, 75.47.Lx

Doped transition metal oxides are of fundamental inter-
est for their electronic properties that exhibit various types
of colossal responses such as high-temperature supercon-
ductivity, colossal magnetoresistance (CMR), and ferro-
electricity [1], which are still not fully understood. A recent
concept that may be relevant for many of these systems is
the observation of nanoscale inhomogeneities that are
thought to be intrinsic. These can take the form of nano-
scale checkerboard [2,3] or stripe patterns [4], or less
ordered structures [5–8] that are related to electronic phase
separation. Phase separation is also found theoretically in
computational models, which have been used to explain
the large changes in conductivity with temperature and
doping [9]. However, the ubiquity and fundamental impor-
tance of electronic inhomogeneities to the colossal effects
is not completely established [10]. For example, local-
probe experiments where no electronic inhomogeneities
are observed have been made on samples that show a
colossal response [11,12] and some observed inhomoge-
neities have been related to disorder in the chemical dopant
ions [13].

One approach for establishing a correlation between
inhomogeneities and electronic properties is to study the
complete phase diagram of interesting systems. We set out
to examine the local structure of the La1!xCaxMnO3
(LCMO) manganite family. This is an archetypal system
for such studies because of the strong electron-phonon
coupling, through the JT effect, resulting in a large struc-
tural response to electronic phase separation. We probe this
using the atomic pair distribution function (PDF) measured
from neutron powder diffraction data. The signature of the
metallic phase in local structural probes is the absence of a
JT-long-bond [14,15]. When the charges are localized in a
polaronic insulating phase, the JT-long-bond is seen [14–
18]. A two phase fit of an undistorted and distorted phase to
the low-r region of the PDF can thus yield a quantitative

measure of the phase fraction of each phase as a function of
T and x in the system La1!xCaxMnO3 [19]. Unexpectedly,
we found that the length of the Jahn-Teller long-bond in the
insulating phase decreases continuously with increasing
doping in this system, contrary to the canonical under-
standing [17,18,20,21]. Here we report for the first time
extensive, high real-space resolution PDF data as a func-
tion of temperature and doping from 0 " x " 0:5 on well
characterized samples in the La1!xCaxMnO3 system using
new high-resolution, high-throughput, time-of-flight neu-
tron diffractometers. We rule out the existence of fully JT
distorted long-bonds at 2.16 Å in the CMR compositions
that would be expected in a simple single-site small-
polaron scenario for the phase above Tc. The smooth
continuous decrease in the length of the JT-long-bond is
most easily explained in a delocalized or large polaron
picture.

A series of 13 powdered LCMO samples with compo-
sitions spanning 0 " x " 0:5 range were prepared using
standard solid state synthesis methods and annealed to
ensure oxygen stoichiometry [22] and characterized by
resistivity and magnetization measurements. Two addi-
tional finely pulverized single crystal samples (x #
0:075, 0.1), grown by the floating zone method utilizing
image furnace, were also used to increase coverage of the
phase space under the study. Neutron powder diffraction
measurements were carried out at the GEM diffractometer
at the ISIS facility at the Rutherford Appleton Laboratory
in the UK and at the NPDF diffractometer at Los Alamos
Neutron Scattering Center. The samples, of approximately
6 grams each, were loaded into extruded vanadium con-
tainers and sealed under He atmosphere. The data were
collected for all the samples at a consistent set of 7 tem-
peratures between 10 K and 550 K using a closed cycle He
refrigerator. The data were processed to obtain PDFs [23]
using the program PDFGETN [24] by a sine Fourier trans-
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form of the total scattering structure function F!Q" up to a
value of Qmax of 35 !A#1. This highQmax, coupled with the
good statistics from GEM and NPDF, result in high-quality
PDFs with minimal spurious low-r ripples and negligible
termination ripples, as evident in Fig. 1. The PDF analysis
reported here involves both direct data evaluation and
structural modeling using the program PDFFIT [25].
Results of complementary average crystal structure mod-
eling, carried out using the program GSAS [26], are also
presented. All refinements were carried out using the O or
O0 structural models in the Pbnm space group with iso-
tropic displacement parameters [27]. Our analysis does not
address the ordering of localized charges such as observed
in the charge ordered state at x $ 0:5 [28].

The results of the average crystal structure evaluation is
summarized in Figs. 2(a) and 3. In the orthorhombic O
phase [29], the local JT distortion amplitude (the length of
the JT-long-bond) is the same as the average long range
ordered value. The distortion is constant with temperature
for fixed Ca content, but decreases linearly with increasing
Ca content. Upon crossing into the pseudocubic O0 phase,
the average JT distortion disappears abruptly [Fig. 2(a) and
3]. However, this effect is accompanied by the anomalous
increase of the isotropic thermal parameters on oxygen
sites, Fig. 2(d). This is consistent with the understanding
that the pseudocubic O0 phase in the insulating state con-
sists of orbitally disordered, JT distorted, octahedra
[30,31], and that this picture can be extended to finite
doping. In the ferromagnetic metallic (FM) phase, the
Rietveld refined JT-long-bond disappears, but there is no
significant enlargement of the refined oxygen thermal pa-
rameter showing that the local JT-long-bond is also absent
[14]. Structural refinements to the PDF data over a wide
range of r (rmax $ 20 !A) mimic the Rietveld results rather
closely [Fig. 2(b) and 2(e)]. This shows that the average
structure result is already obtained for a PDF refinement
over a 20 Å range, suggesting that the size of local orbital
ordering correlations is limited to this range.

The size and shape of the local MnO6 octahedra can be
obtained by fitting the PDF over a narrow r range of 6 Å.
The length of the local long Mn-O bond has been obtained

for all compositions and temperatures studied, and is
shown as a contour plot in Fig. 2(c). The color scale has
been set such that a fully shortened long-bond of 1.96 Å
shows up as black. The presence of color therefore indi-
cates a finite local JT distortion. There is a striking resem-
blance between the contour plot of the local JT-long-bond
in Fig. 2(c) and the electronic phase diagram of this man-
ganite that is superimposed. The position of the phase
transition lines were verified from magnetization and re-
sistivity measurements of the samples used in this study.

First, we note that the local JT distortion is present in the
entire insulating part of the phase diagram, but that it is
effectively removed for the metallic compositions at lowest
temperatures. Second, it is seen that the magnitude of the
local JT distortion has a relatively strong doping depen-
dence at lower Ca concentrations, with the bond length
versus concentration curve flattening at higher Ca doping
levels.

Selected constant temperature cuts are shown in
Fig. 3(a)–3(c), for 550 K, 250 K, and 10 K, respectively.
The square symbols show the behavior of the average
structure. The JT-long-bond decreases with doping in the
orbitally ordered O phase, but then abruptly shortens at the
structural phase transition, indicated by the dotted line in
the figure. In contrast, the local JT bond is insensitive to the

 

FIG. 1 (color online). % are the G!r" of x $ 0:22 sample at
10 K; solid red line is the calculated G!r" from the crystal
structure model. The difference curve is shown offset below.

 

FIG. 2 (color online). Contour plot of the JT distortion (long
Mn-O distance) in (x, T) parameter space as obtained from
(a) Rietveld analysis and PDF analyses over (b) 20 Å and
(c) 6 Å ranges, respectively. Contour plot of the isotropic
displacement parameter of oxygen, Uiso!O2" in Pbnm setting,
as obtained from (d) Rietveld analysis, and PDF analyses over
(e) 20 Å and (f) 6 Å ranges. In all the panels the solid curves
indicate TJT and Tc phase lines, while dotted vertical lines
indicate IM phase boundaries, as determined from the sample
characterization measurements.
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• High throughput and high 
quality data allows for detailed 
parametric investigation as a 
function of composition, 
temperature, pressure etc

• Was tour de force, now 
routine !

GEM@ISIS
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1995 cf. 2013

•1995 500 mg 24+ hrs
•2013 500 mg 15-20 minutes with increased Q-range
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Requirements in Modern NPD
•Flexible Instrumentation

-trade flux for resolution
-Match resolution to problem 
-Match Q-range to system of interest

•Smaller samples
-Isotopic substitution
-Extreme conditions (high pressure/
high magnetic fields/simultaneous 
measurements)

•Fast data collection
-Parametric studies of phase diagrams
-In situ study of reactions
-Kinetic studies

•New technical developments
-Polarisation
-Hydrogenous materials

Reactor and Spallation Sources have distinct 
advantages and disadvantages

•Take-off Angle 
•Moderator pulse shape

Need for higher source fluxes, how ?

Advanced data acquisition electronics and 
methods to track fast reactions.

•micro-secs possible from the perspective of flux
•Problems in using large detector arrays in this 
way

Polarisation is flux intensive !
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Instruments
22 Instruments in
construction
budget

5 times more powerful than SNS
30 times brighter than ILL Total Cost of Project

1843 (2013) Mil €

Proton Accelerator
Energy: 2.5 GeV
Frequency: 14 Hz
Current: 50 mA

Target Station
Solid Rotating W
He or Water Cooled
5MW average power
>22 beam ports
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An International Collaboration

Sweden, 
Denmark and Norway: 
50% of construction and 
20% of operations costs

European partners
pays the rest
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2007

2010

2019

ESS AB
- "design update phase"

ESS AB
- "construction phase"

ESS
- "operations phase"

YOU ARE HERE!

• Deliver Technical Design Review
• Costing Report
• Cost Book

2013

ESSS Secretariat
- "campaign phase"

• Win international support for 
building ESS in Lund, Sweden

• ESS reaches full operational 
capability at 5MW and 22 
instruments

2025-2030

ESS Technical Design Report

Release 3.0

April 2, 2013

• Start Civil construction

• Deliver Conceptual Design 
Review

2014
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ESS reference 
suite of 22-
Instruments

Proton
Beam
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Lund| 2012 April 11 |   L. Zanini 

ESS Bilbao contribution 

12"

ESS Moderator

Lund| 2012 April 11 |   L. Zanini 5"

(M.'Teshigawara)'

Advantages of cylindrical 
shape: 
Better for serving many 
instruments – wide angle beam 
extraction"
Highest neutronic performance 

Cold
Moderator

Thermal
Moderator
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ESS Long Pulse Structure Compared to Other 
Sources 

38

Figure 2.19: Single-pulse source brightness as a function of time at a wavelength of 5 Å at ESS, ILL,
SNS, J-PARC and ISIS target stations 1 and 2. In each case, the cold moderator with the highest peak
brightness is shown.

the world’s leading neutron facilities is made in Figure 2.19. The peak brightness at ESS will be higher
than that of any of the short pulse sources, and will be more than an order of magnitude higher than that
of the world’s leading continuous source. The time-integrated brightness at ESS will also be one to two
orders of magnitude larger than is the case at today’s leading pulsed sources.

The designs of instruments at ESS will be less limited by the time-structure of their long-pulse source
than are instruments at short-pulse sources. They will benefit from a substantially higher peak brightness,
combined with a time-average brightness which is much higher than that at any short-pulse source, while
retaining much of the flexibility of continuous-source instruments.

Many of the instruments will be substantially longer than their counterparts at short-pulse sources.
The underlying reason is the requirement for good wavelength resolution; the pulse length at the source
represents the uncertainty in the emission time of the neutrons, which can be reduced compared to their
time-of-flight by making the instrument longer. However, the instrument length also directly a↵ects the
bandwidth; that is, the longest wavelength that can be measured from a particular source pulse before it
overlaps in time with the shortest wavelength emitted from the following pulse. Pulse-shaping choppers
are an alternative method of improving wavelength resolution. Placed close to the source, they e↵ectively
reduce the pulse length, and hence the resolution, without making it necessary to increase instrument
length. A large part of the optimisation of the instrument suite consists of balancing resolution and
bandwidth considerations through appropriate combinations of instrument lengths and chopper systems.

2.3.1 White-beam instruments

The majority of the instruments at ESS will use a substantial part of the full white beam. Their bandwidth
will be limited by their length and choice of pulse suppression, and it will be possible to tailor their
resolution using a pulse-shaping chopper. They fall into two categories – large pulse width and small pulse
width – depending on the required pulse width compared to the intrinsic length, ⌧ = 2.86 ms, of the
neutron pulse.

Large pulse width = ⌧

SANS, spin-echo, macromolecular crystallography, and particle physics: There are seven instruments in
this category in the ESS reference suite, all of which are well suited to the long-pulse time structure.
They can use the full ESS pulse width and thus benefit from the high peak and time-average brightness.
The ESS instruments will significantly outperform equivalent present-day instruments, due to the often
unnecessarily good wavelength resolution of those instruments at contemporary short-pulse sources, and
to the inherently lower peak brightness available to instruments at continuous sources.
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Intensity
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Two Strategies for Neutron Instrumentation at ESS

Use as much as possible of the 
whole pulse:
Good for low wavelength 
resolution instruments.
SANS, Reflectometry, single 
crystal diffraction.
Estimated gains 10-100 times than 
currently available.

Cut the long pulse into smaller 
pulses:
Good for higher wavelength 
resolution instruments
Diffraction, cold/thermal 
spectrometers.
Long Instruments (80-100 m)
Estimated gains 10-30 times than 
currently available.
Thermal gains lower. 

Text
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Figure 2.20: Time-distance diagrams for white-beam instruments. Top: An instrument with a pulse-
shaping chopper, where ⌧ and T are the source pulse width and repetition period, and L

1

and L

2

are the
source-to-chopper and chopper-to-detector distances. The figure shows the “natural” length that fully fills
the time frame without wavelength-frame multiplication for an instrument with a pulse-shaping chopper.
Bottom: An instrument with a pulse-shaping chopper and triple wavelength-frame multiplication.

Small pulse width < ⌧

Single-crystal and powder di↵raction, crystal-analyser spectroscopy, reflectometers, backscattering, imag-
ing: This will be the largest group of instruments at ESS, and so 11 of the 22 instruments selected for the
reference suite fall into this category. These instruments employ a pulse-shaping chopper to reduce the
length of the source pulse in order to achieve the required wavelength resolution. This makes them intrin-
sically very flexible, as it is possible to make them gain flux by relaxing resolution when appropriate. The
pulse-shaping chopper is placed as close to the source as possible, which at ESS will be at the edge of the
target monolith, at 6 m from the moderator. It can be seen from Figure 2.20 (top) that the pulse-shaping
chopper, in addition to improving the resolution, also has the e↵ect of reducing the bandwidth. When the
instrument length after the chopper reaches 150 m, this bandwidth is su�cient to fill the full time frame
(T ) between adjacent pulses. The instrument length of 156 m is therefore considered the “natural” length
for an instrument with a pulse-shaping chopper, which is achieved when L

1

/⌧ = L

2

/T , where L

1

and L

2

are the source-to-chopper and chopper-to-detector distances, respectively. Instruments shorter than the
natural length require wavelength-frame multiplication (WFM) in order to fill the time-frame, as shown
in the bottom panel of Figure 2.20 for an instrument that is one third of the natural length. Detailed
WFM calculations have demonstrated the feasibility of the method in simulations. Test experiments and
prototyping are well under way at the time of writing.
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are the
source-to-chopper and chopper-to-detector distances. The figure shows the “natural” length that fully fills
the time frame without wavelength-frame multiplication for an instrument with a pulse-shaping chopper.
Bottom: An instrument with a pulse-shaping chopper and triple wavelength-frame multiplication.

Small pulse width < ⌧

Single-crystal and powder di↵raction, crystal-analyser spectroscopy, reflectometers, backscattering, imag-
ing: This will be the largest group of instruments at ESS, and so 11 of the 22 instruments selected for the
reference suite fall into this category. These instruments employ a pulse-shaping chopper to reduce the
length of the source pulse in order to achieve the required wavelength resolution. This makes them intrin-
sically very flexible, as it is possible to make them gain flux by relaxing resolution when appropriate. The
pulse-shaping chopper is placed as close to the source as possible, which at ESS will be at the edge of the
target monolith, at 6 m from the moderator. It can be seen from Figure 2.20 (top) that the pulse-shaping
chopper, in addition to improving the resolution, also has the e↵ect of reducing the bandwidth. When the
instrument length after the chopper reaches 150 m, this bandwidth is su�cient to fill the full time frame
(T ) between adjacent pulses. The instrument length of 156 m is therefore considered the “natural” length
for an instrument with a pulse-shaping chopper, which is achieved when L

1

/⌧ = L

2

/T , where L

1

and L

2

are the source-to-chopper and chopper-to-detector distances, respectively. Instruments shorter than the
natural length require wavelength-frame multiplication (WFM) in order to fill the time-frame, as shown
in the bottom panel of Figure 2.20 for an instrument that is one third of the natural length. Detailed
WFM calculations have demonstrated the feasibility of the method in simulations. Test experiments and
prototyping are well under way at the time of writing.

How to do it ?

• The long pulse is too broad to use for diffraction 
studies.

- Choppers will play the role of the 
moderator-response time in a conventional 
short pulse source.
- Important to get the first  pulse shaping 
chopper as close as possible to moderator.  
- Tunable wavelength range (1.9 Å band up 
to a maximum of 6 Å)
-Can ‘slew’ choppers to cover complete 
wavelength band in several pulses
-Tunable Δλ/λ (from < 0.02% - 5% at λ = 
1.45 Å) with PSC
-Resolution/peak shape not determined by 
moderator time constant
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Instrument Workshop Summary
• Recommended Phase 1 Diffractometers

• Single-crystal diffractometer for 
macromolecular crystallography

• Single-crystal diffractometer for 
magnetism

• Narrow-bandwidth, high-resolution 
tunable powder diffractometer

• Suggested for further consideration

• Hybrid diffractometer

• Structured pulse engineering spectrometer

• Single-crystal (and/or powder) 
diffractometer for extreme conditions

Debated at the Experts’ Meeting

at Vaals (September) and SAC (November 2010)
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Concepts for powder diffractometers at ESS
Use source peak brightness
èTOF wavelength band 
instrument (conventional 
spallation source instrument)

Use source time-average brightness
èMonochromator instrument with 
TOF detector (reactor-like instrument 
with enhanced capabilities)



APD-2013 | NIST  |  Dimitri Argyriou

Thermal powder TOF 
diffractometer

distance

time

• Up to 1.9 Å single frame wavelength 
band (normal mode 0.5 – 2.4 Å)

• High flexibility cf. SPSS instrument
- Tuneable wavelength range (1.9 Å band 

up to a maximum of 6 Å)
- Can ‘slew’ choppers to cover complete 

wavelength band in several pulses
- Tuneable Δλ/λ (from < 0.02% - 5% at λ = 

1.45 Å) with PSC
- Tuneable flux with PSC
- Resolution/peak shape not determined 

by moderator time constant
• Long instrument (156 m)

- low background
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Bispectral Powder 
Diffractometer

• Bispectral extraction (0.8 – 10 Å)
• Wavelength frame multiplication 

gives 3.8 Å wavelength band
- Normal mode (0.8 – 4.6 Å)
- Tuneable wavelength range

• Beat chopper
- Flexible resolution
- Flexible flux

• Shorter instrument (75m cf. 150m)
• Complementary with thermal 

powder diffractometer
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Pulsed monochromatic powder 
diffractometer

•Like a reactor instrument in appearance
-Qmax ~ 12.5 Å-1

-Variable resolution (takeoff angle)
-Trade flux for resolution (takeoff angle)
-But longer instrument (total flight path 50 m cf. 
22m at D20)
-And optimised beam transport

•Background suppression
-Only integrate around elastic line

•New capabilities cf. reactor instrument
-Multi-wavelength data collection
-Separate coherent/incoherent scattering
-Elastic/inelastic measurements
-Fast kinetics
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Neutron Diffraction and ESS

42

tuning of the resolution to the requirements of each experiment by adjusting the opening time of the pulse-
shaping chopper. This unique capability is illustrated in Figure 2.24 where the resolution and intensity of
a range of neutron powder di↵ractometers at leading large-scale facilities around the world are shown. The
performance of current instruments is indicated by various symbols, showing their specialisation for high
flux or high resolution, while the ESS di↵ractometers trace out continuous lines along which the instrument
performance can be selected, depending on the needs of the experiment. The ESS instruments match the
projected best performance of today’s new instruments, though there are limitations in comparison to short-
pulse sources at large Q (' 20 Å�1), which do not appear in such a figure. At ESS, the thermal powder
di↵ractometer covers the core crystallography and in situ processing science case for thermal neutrons
up to a Q

max

of around 20 Å�1. The pulse-shaping chopper allows the wavelength resolution to be
matched to the experimental requirements over a very wide range, in the best case achieving a resolution
of < 0.01%. The bispectral powder di↵ractometer can access longer wavelengths and is well-suited for
powder magnetic structure determination, larger unit cell powder crystallography and in situ experiments
in the intermediate Q range (Q

max

< 13 Å�1). The pulsed monochromatic powder di↵ractometer is a high-
throughput instrument for in situ chemical processing, crystallography, pole figures, high time-resolution
kinetics and hydrogen-containing materials, with the option for variable resolution inelastic scattering
mapping. It uses a set of crystal monochromators with access to a wide range of takeo↵ angles to tune the
accessible Q range, flux and instrument resolution. The materials science & engineering di↵ractometer
will allow users to study mechanical and micro-structural properties, texture, phase transformations and
kinetics in engineering and functional/smart materials. Dedicated sample environment will allow a wide
range of conditions to be probed. Structural studies include the determination of residual stresses in
engineering materials and components, an important area in welding and joining R&D. The extreme
conditions instrument is built around bulky, complex sample environment (high pressure, high magnetic
field) and the limitations that imposes on detector coverage and geometry. It is a multi-role instrument
to perform di↵raction, spectroscopy, SANS and imaging experiments. For all the di↵raction instruments,
the resolution and bandwidth can be tailored to each application.

Figure 2.24: Relative performance of powder di↵ractometers at leading large-scale facilities (adapted from
Kamiyama [186]) with the expected performance of ESS di↵ractometers marked as blue pentagons with
blue extended arrows to illustrate the count rate / resolution flexibility a↵orded by tuning the pulse width
for the time-of-flight di↵ractometers or the monochromator takeo↵ angle for the pulsed monochromatic
di↵ractometer. The instruments in the area labelled ”New Instruments” are currently in various stages of
commissioning and have not yet reached the performance shown here.
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• ESS will offer levels of versatility not available in any type of 
diffractometer either at reactor or short-pulse spallation 
sources.

• Mechanical chopper systems provide for the
• Wavelength resolution
• Wavelength band
• Peak shape

• ESS diffractometers will require significant software 
developments for data reduction and analysis

• Emphasis in instruments will be towards sample 
environments, following current trends 

• To understand results scientific computing is becoming 
increasingly important 

Diffraction at ESS


