
The focus of this presentation is the High Resolution Powder 
Diffractometer (HRPD) at the ISIS neutron and muon spallation source. 
Our objectives are to give an account of HRPD’s history, detailing the 
incremental upgrades that the instrument has received over its 35 year 
operational lifetime, to describe the current configuration, capability and 
scientific impact of the instrument, and finally to outline our proposals to 
fully upgrade the instrument.

This work would not be complete – or even possible – without recognising 
the large number of scientists and engineers, whose vision, ingenuity and 
hard work made both the source and the instrument what it is today. 

1



Amongst these are Mike Johnson, seen here in September 1983 during 
the assembly of HRPD’s vacuum tanks in what is now building R6. The 
large circular aperture on the left is the flange for attachment of the 
backscattering detector array, and the smaller tanks downstream are the 
sample tanks, with the get-lost tube supported by chains at the rear.

Almost all of these mechanical components, including the white-painted 
steel support frames under the tanks, are still installed on the instrument 
today. 
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ISIS scientists, engineers and management assemble for a team 
photograph during the assembly of HRPD inside building R69 in 1984. 
Includes (L-R): Gavin Williamson, Alan Leadbetter, Bob Cywinski, Zoe 
Bowden, Jeff Penfold, Colin Carlisle. These individuals were responsible 
for developing the scientific strategy for the UK’s spallation neutron source 
in the late 1970s, designing the instruments and assembling many of the 
mechanical and electronic systems.
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The first generation of instrument scientists on HRPD, photographed on 
top of the sample tanks in February 1988. L-R, Richard Ibberson, Bill 
David, Bill Harrison.  These early pioneers of high-resolution powder 
diffraction were amongst those responsible for developing the 
measurement and analysis techniques still in use today.
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We begin with an introduction to the instrument in its context at the ISIS 
neutron source. HRPD, along with seven other instruments (colour coded 
in blue), views a cryogenic methane moderator on Target Station 1 (TS1). 
The instrument itself is located almost 100 m from the source, with 
neutrons being transported over this distance by a glass super-mirror 
guide. This long incident flight path minimises the ∆t/t term in the 
resolution function, and is a major contributory factor to HRPD’s high 
resolution.
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At the end of the enclosed guide tunnel, the instrument occupies a modest 
brick building, designed and built between 1982 and 1984. Since 2007, the 
area around HRPD’s building (designated R69) has been delimited by the 
second target station (TS2, the large black and white building on the left of 
this image) and the link building (R6A) that carries the second extracted 
proton beam (EPB) from the synchrotron to TS2.

Importantly, this creates a narrow roadway on the south side and pinch 
points on the north side where essential vehicular access for fire trucks, 
lorries and cranes cannot be reduced any further. Effectively, this limits the 
extent to which the building footprint can be expanded during any 
proposed upgrade.
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On the west end of R69, there is room to grow, and during 2019 a project 
was carried out to expand the user space into a porta-cabin in this area.

This work was motivated by the need to replace failing electronics on the 
instrument, which necessitated provision of an air-conditioned room inside 
the building. This in turn meant that a new user space had to be created 
elsewhere.

As shown here, the new cabin is fully accessible from the outside, either 
by steps up to an access platform or, for mobility-impaired visitors, by a 
personnel lift. A new doorway was cut into the west end of the brick 
building and the internal mezzanine was extended. This allows users to 
have step-free access from the car park to the cabin and then to the 
instrument.
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PART I: A history of the instrument

HRPD was one of the original suite of instruments at ISIS, constructed at 
the same time as the first target station – indeed the guide was installed 
whilst the target monolith was still being assembled. From the outset, 
HRPD was intended to be a world leader in terms of its specification and 
intended scientific impact. Even today, that role is shared by only one 
other instrument in the world, Super-HRPD at J-PARC.
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The instrument was made possible by the ability to transport a useful flux 
of thermal neutrons down a long glass guide. Work done earlier in the 
1970s had demonstrated this concept at the ILL. HRPD was therefore 
amongst the initial group of instruments described in strategy documents 
presented at the first ICANS meeting, and provided with funding in the 
amount of £700 k (~ £2.5 M adjusted for inflation).

The instrument went through a number of design iterations during the 
early 1980s. Following construction and commissioning, the first external 
users collected data on HRPD in late September 1986. 
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HRPD began its operational life with just two of the intended eight octants 
of wedge-shaped detectors installed in backscattering. These consisted of 
a stepped array of Li-glass scintillator elements (each 15 mm wide), 
coupled by plastic fibres to photomultiplier tubes mounted on the back of 
the module.

HRPD initially used two sample positions, located 1 m and 2 m 
downstream from the backscattering detectors. The second sample 
position partially offset the coarse detector resolution in the first generation 
of backscattering modules by subtending a higher effective 2θ, albeit with 
a reduced solid angle.

Over the first decade of operation, the backscattering detectors went 
through multiple design improvements and the backscattering array was 
completed (in phi); scintillator detectors were mounted at 90 degrees to 
the incident beam on the north side of the instrument, and a small array of 
helium tubes was mounted in forward scattering, also on the north side.
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Despite having a reduced complement of detectors, a fairly coarse 
detector resolution and a relatively weak source (by comparison with the 
TS1 output today), HRPD produced original and high-impact science 
throughout its commissioning phase and early years of operation.

The ability to resolve closely-spaced Bragg peaks even to quite short d-
spacings meant that intensity could be accurately partitioned and 
structures solved from powder data more effectively. The example shown 
above represents the outcome of HRPD’s third commissioning test, 
carried out in August 1985, in which the structure of iron arsenate was 
determined.
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The instrument‘s high resolution allowed precise characterisation of lattice 
parameters and their derivatives in P or T (compressibility or thermal 
expansion), as well as detection of subtle phenomena related to phase 
transitions. HRPD thus made many important contributions to the physics 
of superconductors by means of variable temperature studies such as the 
one shown above, resulting from an experiment done in March 1987.
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In its early years, HRPD was used to carry out some novel studies of 
diffuse scattering in single crystals. This work formed the basis for a 
proposed to build an 85 m single crystal machine on the beam port 
adjacent to HRPD (now occupied by Engin-X). The proposed HRED 
instrument was not successful and the niche for very high resolution single 
crystal studies remains to be fully explored.
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HRPD’s success was not limited to inorganic materials, and the instrument 
has a long history of studying molecular systems and organic crystals.
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HRPD has also made major contributions to fundamental ice physics, 
including the challenging studies of proton ordering shown here and the 
characterisation of high-pressure structures, work that continues to the 
present day.
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The instrument began its first series of rolling upgrades after a decade of 
operation. The old Li-glass scintillator detectors were replaced with plastic 
scintillators based on doped zinc sulfide. The new modules, one of which 
is shown here without its light-tight box, adopted a constant radius from 
the sample, and had a finer detector element pitch (5 mm instead of 15 
mm) removing the need for the 2 m sample position.  
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Similarly, the detectors at 90 degrees were replaced with ZnS scintillator-
based modules copied exactly from those used on GEM. The images here 
show the installation of GEM’s 90-degree detector banks, and the 
appearance of those on HRPD is substantially the same.

With detector banks now on the north and south side of the instrument, 
the count rate in this scattering geometry was greatly increased.
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By far the most significant improvement to the instrument’s performance 
during its lifetime was the replacement of the original guide. A new super-
mirror guide was installed during the long shut-down of 2007. The new 
guide retained the curved shape of the original guide in the horizontal 
plane, with the radius of curvature on the initial 60 m section expanded 
from 18 to 36 km. This shifted the sample position north by ~ 9 cm, which 
seems trivial but resulted in the photomultiplier tubes of the 90-degree 
north bank being brought very close indeed to the north wall of the 
building.

The overall shape of the guide was changed from straight to elliptical, and 
the reflectivity along the length of the interior was graded (see next slide).

The result of this change was to dramatically increase the transport at all 
wavelengths, but more so at short wavelengths. The cost of achieving this 
was an increase in the beam divergence and the appearance of a fast 
neutron pulse embedded in the data. 
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This figure shows the geometry of the elliptical profile in the vertical plane 
(top) and the horizontal plane (bottom). Shading indicates the m-number 
of the reflective coating along the sides of the internal cavity (top) and the 
top and bottom of the internal cavity (bottom).

Note the breaks in the guide at 6.30 and 10.35 m for the disk choppers. 
Additionally, the flight-path through the TS1 biological shielding and the 
shutter are lined with m = 3 super-mirror glass with a straight profile and 
an aperture of 40 x 80 mm.  
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This figure shows the improvement in flux as a function wavelength 
between the original guide (black) and the new guide (red).

20



The effect of this flux increase at shorter wavelengths is very clear in the 
dataset shown here; a sample of perdeuterated hexamine, measured at 
15 K. HRPD’s ‘standard time-of-flight window cuts on at 30 ms (equivalent 
to a d-spacing of 0.65 Å in backscattering). With the higher short 
wavelength flux, it is possible to acquire high-quality data down to 10 ms 
where – for a high-symmetry strongly-scattering crystal like hexamine –
one can measure Bragg peaks to around 0.25 Å d-spacing. None of the 
peaks illustrated above would be measured in a standard 30-130 ms TOF 
window. The many thousands of reflections this contributes to the dataset 
dramatically improves the accuracy and precision of refined structural 
models with anisotropic displacement parameters.
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PART II

The current state of the instrument reflects 35 years of operational history 
and incremental upgrades, as outlined in PART I, and forms the basis for 
design of the upgraded instrument detailed in PART III.
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Most users and visitors to the instrument are familiar with the view shown 
above, which shows the mezzanine platform (newly extended in 2019) and 
the red- and white-painted wax tanks that surround the key components. 
The central sample pit cage – shown here locked up with the blue beam-
on light activated – represents the principal point of contact between users 
and the instrument.
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View of the instrument with the mezzanine platforms removed, exposing 
ca. 23 tonnes of shielding, much of which consists of steel tanks filled with 
boron-doped wax. Around the guide, 2900 kg of wax tanks are 
supplemented with lead bricks, and in the downstream beam-stop (2600 
kg total), lead-filled tanks help to absorb the transmitted beam.

The secondary flight path to the low-angle bank, and the low-angle 
detectors themselves, are shielded by 50 mm-thick sheets of boron-doped 
polyethylene, layered up to three deep.  Similar ‘poly’ sheets fill the gap 
between the 90-degree wax tanks on the north side and the wall of the 
building.

This material serves as both biological protection for workers and 
protection for the detectors from stray sources of radiation, particularly 
high-energy cosmic rays.
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With the shielding removed, we may observe the main components of the 
instrument itself, the vacuum tanks, the detectors and incident-beam 
conditioning devices.

As indicated, the incident beam enters at bottom left along the glass 
super-mirror guide, passes through a set of jaws and then propagates 
along an evacuated flight tube into the sample vacuum tank. After passing 
through the sample, the transmitted beam passes along the get-lost tube 
and into the beam stop.

The jaws comprise two pairs of pressed B4C that allow us to define a 
horizontal and vertical aperture. In normal operation, the aperture used is 
15 mm wide by 20 mm high. The inset image, acquired by a neutron 
camera at the sample position, shows the distribution of intensity for this 
standard aperture setting.
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The jaws do not define the illuminated area on the sample plane, as might 
commonly be envisaged. As the horizontal and vertical sections of the 
beam on the sample plane show, the illuminated area is ~ 40 x 70 mm 
regardless of the aperture of the jaws; instead, the aperture acts to modify 
the intensity of the beam on the sample (as well as the divergence, as 
illustrated on the next slide).

The jaws are thus more akin to a camera iris and the illuminated area is 
simply a transmitted image of the guide entrance.

Considering that we may obtain almost twice the flux on the sample by 
fully opening the jaws, why is the 15 x 20 mm aperture used?
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Fully opening the jaws to the same aperture as the guide exit increases 
the flux on the sample by almost a factor of two. However, this is done at 
the expense of a more divergent beam and a reduction in resolution. This 
plot shows the increase in peak half widths of a silicon standard obtained 
by adjusting the setting of the jaws (10-100 ms TOF window in 
backscattering).

There are circumstances where resolution may be sacrificed to obtain 
better counting statistics, but it should be recognised that this increases 
the background and requires collection of bespoke vanadium reference 
measurements in order to obtain accurate intensities.
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The main sample tank, outlined in yellow, is a simple arrangement of 
stainless steel boxes lined with B4C to minimize background scattering.  It 
was noted earlier that there are two sample positions. Today, only the 1 m 
position (L = 95 m, outlined in bold yellow) is used); the position at 2 m 
has not been used for > 20 yr and may, in any case, only be used with the 
backscattering detectors.

Observe that the stainless steel tanks (and the thickness of mu-metal 
shielding around the PMTs) precludes the use of magnets on HRPD at the 
present time.

This tanks is routinely pumped down to a pressure of ~ 0.5 mbar by a 
roughing pump for routine operation. A turbo-molecular pump is used to 
achieve 10-5 mbar in conjunction with the top-loading CCR. The 
instrument’s furnace has its own pump for achieving a dynamic vacuum of 
10-5 to 10-6 mbar in its sample space.
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Diffracted neutrons propagate into the backscattering detector and the 90-
degree detectors through evacuated secondary flight tubes (the yellow 
cone on the left and the yellow bow-tie in the centre, respectively).

The backscattering cone is part of the sample tank volume; the wing tanks 
are isolated by vacuum windows and are connected to the vacuum system 
behind the turbo bypass. Hence they are not pulled down to a cryogenic 
vacuum when the CCR is used.

The forward scattered neutrons pass through an aluminium box filled with 
argon (top, centre). There is a small air gap (a few cm) between the argon 
tank and the sample vacuum tank.

All of these cavities are lined with B4C panels; the wing tanks also have 
B4C vanes that collimate neutrons in the azimuthal directions.
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Characteristics of the backscattering detectors.

Note that the instrument has 8 modules installed. Since the 2007 guide 
upgrade, the practice has been to exclude data from the two vertical 
modules as a result of the larger vertical divergence from the super-mirror 
guide.

During the electronics refurbishment in 2019, where the photomultiplier 
tubes on the backscattering modules were replaced, a decision was made 
not replace those PMTs on the vertical modules. The exposed fibre ends 
have been covered over with an aluminium plate. Hence the exclusion of 
these data is now a hardware feature.
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Characteristics of the 90-degree detectors.
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Characteristics of the low-angle detectors.

This bank comprises a 3 x 3 array of modules (one of which is shown at 
bottom left); each module contains eight ½ inch helium tubes.

The 2019 electronics upgrade included a replacement of the pre-amps on 
the back of each module, a re-design of the module frame and 
replacement of all of the cabling. Implementation of this work has been 
delayed and is anticipated to be completed by early 2021.
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Summary of the coverage achieved by all of HRPD’s detector banks 
collectively.
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The normal mode of operation on HRPD is to measure at 10 Hz, taking 
one pulse in five from the source. This permits measurement of a 100 ms 
time-of-flight window without frame overlap. The cut-on of this waveband 
may be set arbitrarily, but since any choice requires specific calibration of 
the instrument’s response, only a few discrete settings are used in 
practice: 10-110 ms; 30-130 ms; 100-200 ms.

The 30-130 ms window is the one used most commonly as it captures the 
majority of the structural information from inorganic materials with small 
unit-cells in backscattering. For high symmetry, strong scatterers 
(particularly at low-T), the 10-110 ms window provides a large amount of 
extra information. Care must be taken to mask sample holders 
appropriately as the usual Gd masks become partially transparent to the 
short wavelength neutrons and extra layers of Cd must be applied.

The 100-200 ms window is commonly used for systems with larger unit 
cells or where magnetic peaks need to be captured in the 90 degree 
banks with better resolution and count rates. This window is excellent for 
quick thermal expansion measurements and for indexing of unknowns.

However, a gap opens up in the d-spacing coverage between the 90-
degree banks and the low-angle banks when the 100-200 ms TOF window 
is used.
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Despite being a specialised instrument, the scientific output of HRPD is 
comparable in number and quality with other general purpose instruments 
at ISIS, such as GEM and POLARIS. Over the past five years, the 
instrument typically produces ~ 30 papers annually, with a delay from 
experiment to publication that varies from 6 weeks to (exceptionally) 20 
years; the average delay is two years.

These include high impact papers in Nature and Science-group journals, 
as well as other more specialized publications.
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Examples of just a few titles from high-impact HRPD publications are 
shown here.

A complete list of HRPD publication is available from the STFC ePubs
portal:

https://epubs.stfc.ac.uk/search/result?q=hrpd&sortby=score&order=desc
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As outlined in part I of this presentation, HRPD has undergone numerous 
incremental upgrades during its lifetime to remain at the forefront of 
detector technology and to meet the changing needs of the scientific 
community. To continue that process and retain a world-leading position in 
high-resolution neutron powder diffraction requires a step change in the 
design and capabilities of the instrument. In effect, we must replace the 
entire instrument with completely new equipment.

Users increasingly need to measure smaller samples (and this can include 
small samples in high-pressure devices) as well as samples with larger 
and more complex nuclear and magnetic structures, and to do so using 
ever more complex sample environment equipment. In order to meet 
these needs, we must improve the capabilities of the instrument at longer 
d-spacings and improve the count rates over all.

This mandates provision of additional detector banks at low 2θ, expansion 
of all detectors out of plane, and adoption of more sensitive detectors, 
coupled with improvements to conditioning of the incident beam, 
collimation of the diffracted beam and a general reduction in backgrounds.

Our proposals to achieve this are outlined in the final part of this 
presentation.
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PART III

Using the requirements outlined on the preceding slide, an upgraded 
instrument design was produced in 2014. This was subjected to thorough 
McStas ray-tracing calculations, internal reviews and a major international 
review. Over time, the design has been modified to address new ideas, 
which are now being developed in detail.
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The intention is to transform the diffraction geometry from that shown 
above (the current instrument)….
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…to the log-spiral geometry depicted here.

This geometry allows for a smooth variation of the detector resolution 
function (in principle permitting the fitting of data from all detector banks as 
a 2D dataset), allows a degree of optimization of resolution across 
individual banks, and avoids extending the footprint of the instrument 
excessively – particular to large downstream distances.
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The predicted resolution of banks 1 and 2 on the current instrument and 
banks 1 – 3 on HRPD-X. Note that the shift from spherical to log-spiral 
geometry flattens the variation across each bank – to the extent that 
focussing data over the much larger backscattering detectors of HRPD-X 
will produced a similar outcome to focussing on the current small 
backscattering banks.

The resolution of HRPD-X bank 3 will be substantially better than the low-
angle bank on HRPD today, whilst collecting data over a very similar d-
spacing range.

41



Out of plane, the proposed detector banks will be effectively a cylindrical 
rotation of the log-spiral around the beam centre line. The extent of the 
banks in phi will vary, but the overall coverage will be much larger than at 
present, greatly improving count rates.

The proposed upgrade will transform the instrument from the configuration 
shown above….
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… to this.

Much of the incident beam equipment will likely be retained, although 
modified to accommodate an additional set of jaws 1 m upstream of the 
current set. These will act to reduce the divergence further without 
substantially impacting the flux.

Four new detector banks, arrayed on the north and south side of the 
instrument will be installed – note that no support frames are shown and 
these remain to be designed.

A radial collimator, situated at the sample position, will aid in reducing 
instrumental backgrounds. This collimator is intended to be a near clone of 
that used on Polaris, with apertures and vanes optimised to the detector 
geometry of HRPD-X.
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The out-of plane extent of banks 2 and 3 is limited by the current beam 
height above the floor (1.76 m) and the need for a mezzanine floor to be 
located at some reasonable height above the instrument. Furthermore, the 
visibility in many sample environments is limited by windows (or other 
equipment) in proximity to the sample, so there is little to be gained by 
extending much further than 35 to 40 degrees out-of-plane.
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The sample tanks are intended to be non-magnetic, so that HRPD can 
operate magnets up to 10 T.

The very large area of the proposed detector banks poses a problem if the 
entire secondary flight path is to be in vacuum, since the vacuum windows 
required become very large indeed.

In order to avoid this problem, we intend to have an evacuated sample 
tank only slightly larger than then current tank, but large enough to contain 
the radial collimator drum. The secondary flight paths will then be in argon 
at atmospheric pressure. The windows on the vacuum tank may then be 
quite small and the large argon-tank windows are not required to have any 
strength.

As shown here, the secondary flight paths would contain an array of B4C 
collimation vanes in order to minimize backgrounds.

This figure is illustrative and detailed design work is ongoing so the final 
product will likely differ from that shown above.
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Summary table showing the characteristics of each detector bank. For 
comparison, note that the upgraded Polaris instrument has a solid angle 
coverage of 5.67 sr (up from 0.82 sr on the old Polaris).
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Based on the characteristics tabulated on the previous slide, we report 
here (on the right) the d-spacing coverage obtained with various standard 
time-of-flight windows. In comparison to the current instrument (shown on 
the left), there are no longer any gaps in coverage and it should be 
possible to obtain data out to >40 Å.
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As noted earlier, the buildings around HRPD place constraints on the 
footprint of any replacement building. Shown here (in grey) are the 
footprints of the existing building and (in red) the outline of the proposed 
new building. This retains the clear roadway on the south side and avoids 
pinch points on the north side that might prevent passage of large 
articulated vehicles. There remains scope to extend the building to the 
west, towards ENGIN-X (R77) if the need arises.
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An indicative ground-floor layout of the proposed upgrade building shows 
the instrument hall (on the left), containing the sample vacuum/argon 
tanks and the detector arrays. The intention is for this hall to be an 
interlocked ‘block house’ around the instrument, with limited shielding in 
close proximity to the detectors. This allows for easy maintenance access. 
All of the data acquisition electronics and electrical distribution are to be 
located on the south side of the concrete guide support.

Access to the instrument mezzanine and other ‘office’ spaces on the first 
floor are provided on the north side of the guide.
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An indicative first-floor layout of the proposed upgrade building shows the 
instrument mezzanine and a sample-preparation laboratory (left) and 
instrument control and analysis rooms (right), along with access stairs/lift 
and user facilities on the north side of the building.
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Summarising the recent improvements to HRPD (and its infrastructure), 
design work on the upgrade and the planned time-scale for upgrade works 
(prior to the COVID-19 pandemic).

Note that detailed design work on the detector modules has been ongoing 
throughout 2020, and work is underway to manufacture a prototype 
detector module for testing in 2021.

The expectation is that HRPD will operate in its current configuration for 1 
year after the end of the long shutdown (TS1 and Linac upgrade projects). 
The time required to demolish R69, erect a new building, install and 
commission the new instrument is estimated to be ~ 18 months.

Hence, the upgraded instrument could be in operation for HRPD’s 40th

birthday in December 2024.
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An artist’s impression of the upgraded HRPD building. Compare with slide 
#7.

52



We would like to thank all of the scientists and engineers who have 
worked on HRPD over the past four decades – particularly Dr Kevin 
Knight – and to acknowledge the efforts of those now working on the 
upgrade project: David McPhail, Simon Waller, Kevin Jones, Nigel 
Rhodes, Jeff Sykora, colleagues in the Crystallography Group and others 
in the Buildings Projects Group as well as support staff across ISIS.
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