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A rotator for single-crystal neutron diffraction at high pressure
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We present a modified Paris—Edinburgh press which allows rotation of the anvils and the sample
under applied load. The device is designed to overcome the problem of having large segments of
reciprocal space obscured by the tie rods of the press during single-crystal neutron-scattering
experiments. The modified press features custom designed hydraulic bearings and provides controls
for precision rotation and positioning. The advantages of using the device for increasing the number
of measurable reflections are illustrated with the results of neutron-diffraction experiments on a
single crystal of germanium rotated under a load of 70 tonnes. © 2010 American Institute of

Physics. [doi:10.1063/1.3494606]

I. INTRODUCTION

Since its invention in the early 1990s, the Paris—
Edinburgh (PE) press has become one of the most widely
used devices for high-pressure neutron scattering to date.'”
By using an arrangement of two opposed single-toroidal or
double-toroidal anvils*~® and null-scattering metallic gaskets,
it is possible to routinely achieve pressures in excess of 25
GPa on large samples. The PE press is still one of the most
compact devices for its given load capabilities, and can be
found in many neutron and synchrotron facilities around the
world.””

The standard PE press, e.g., its V4 variant shown in Fig.
1(a), has four tie rods which restrict the equatorial aperture to
four separate ~66° windows [Fig. 1(b)].” While a restricted
angular aperture generally poses no major limitations in
powder neutron-diffraction measurements on instruments
such as HiPr/PEARL at the ISIS spallation neutron source in
the U.K., the tie rods do significantly obstruct access to re-
ciprocal space for single-crystal diffraction and inelastic
techniques at pulsed and constant wavelength sources. In or-
der to reduce this problem, the VX variant of the PE press
with a larger aperture access was developed.lO This two-
column variant of the PE press provides two increased open-
ings of 140° in the equatorial plane [Fig. 1(c)]. It also has an
increased opening angle of +30° out of the equatorial plane,
compared to =7° in the V4 variants. This press has been
used successfully up to 12 GPa, both at spallation and mono-
chromatic sources, for performing high-resolution single-
crystal diffraction measurements.' ' However, despite the
wide choice of wavelengths available at both the ISIS and
Institut Laue-Langevin (ILL), the two tie rods still create
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blind spots in reciprocal space. The solution to this problem
would be to rotate the crystal relative to the tie rods, while
maintaining the load on the sample.

A portable stress cell, roPEC, based on the V7 PE press,
has recently been reported and has been specifically designed
for torsional testing of materials by rotating one of the anvils
with respect to the other." Topographic deformation experi-
ments were performed using roPEC at pressures of up to 5.0
GPa under loads of up to 35 tonnes. This device is not suit-
able for single-crystal neutron-scattering techniques since
both anvils would be required to rotate together - at the same
rate in the same direction - in order to maintain the integrity
of the sample, by not shearing or tilting the sample while
rotating.

A system with both opposing anvils rotating together has
been built for high-pressure x-ray microtomography studies.
In this device, based on a Drickamer anvil apparatus, pres-
sures of up to 8 GPa have been attained at 25 tonnes of
load.'* In another study performed in this device, a maxi-
mum pressure of 11.5 GPa at 8.5 tonnes has been 1rep01rted.]5
However, as a result of the intrinsically low flux of neutron
sources, the sample volume (between 1 and 5 mm?) required
for single-crystal studies using neutrons is significantly
larger than those needed for synchrotron experiments. There-
fore, a significantly larger axial thrust is required to pressur-
ize the large sample volume. The thrust is ultimately limited
by the strength of the anvils used with the PE press. For
neutron-diffraction studies of single crystals, anvils with a
20° bevel have been found to provide a larger out of equa-
torial plane scattering angle, while withstanding a load of up
to 70 tonnes'® (for more discussion see Sec. III A). Here we
describe the design of a device that is capable of rotating two
20° anvils together under this load within a modified variant
of the V4 PE press.3 We have developed the device with the
V4 press because the tie rods need to be lengthened to ac-

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) and (b) The four tie-rod V4 press and (c) the two
column VX press, and their equatorial apertures. (a) The structure of the V4
cell (A) the breech, (B) the top platen, (C) the tie rods, (D) the anvil/gasket
assembly and seats, (E) the piston, (F) the bottom platen, and (G) port for
connecting hydraulic pump. (b) In a V4 standard press, each tie rod ob-
structs the diffracted beam by a sector of ~24°, adding up to approximately
96° in total. The equatorial aperture is ~66° X4 as a result. (c) In a VX
variant press, each column obscures the diffracted neutrons by a sector of
~40°, leaving the equatorial aperture to be ~140° X2.

commodate the rotation mechanism, and this is more difficult
for the VX press. We refer to this new device as the RV4.

Il. HIGH PRESSURE ROTATABLE APPARATUS

The RV4 consists of a modified V4 PE press with ex-
tended tie rods and a structure on one side that supports the
motor, the gearbox, and the pinions. The system has been
designed to withstand static loads of up to 150 tonnes. The
ANSYS® finite element analysis (FEA) software package
has been used extensively for calculating stress distribution
and deformation in the system under this load.'” Below, we
describe the design of the device and each of its components.

A. General layout of the RV4

A cross-sectional view of the apparatus is presented in
Fig. 2(a). A central structure is supported by the loading
frame of a standard V4 PE press. It makes use of the follow-
ing principal elements: the top platen (B) with the breech
(A), the bottom platen (F) with the ram (E), and the anvil/
gasket assembly (D). (Note that the press is shown the other
way up from the standard view in Fig. 1, in the orientation
required for mounting on the single-crystal diffractometers
used in this work.) These parts have not been modified and
are as in Fig. 1(a). However, the tie rods (C in Fig. 2) have
been extended to accommodate the extra height required for
the installation of the thrust bearings (L1,L2) and extended
anvil supports (I1,12). The modified tie rods are made of the
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(b)

FIG. 2. (Color online) (a) Cross-sectional view of the RV4 cell and (b)
photo of the side frame mounted on the PE press: (A) breech; (B) top platen;
(C) tie rods; (D) anvil/gasket and sample assembly; (E) piston; (F) bottom
platen; (G) port for connecting hydraulic pump; (H1,H2) needle bearings;
(I1,I2) top and bottom extended anvil supports; (J1,J2) 35-tooth gears;
(K1,K2) tungsten carbide anvil seats; (L1,L2) top and bottom hydraulic
bearing assembly; (M) side frame; (N1,N2) 21-tooth pinions made of EN36
steel; (O) side shaft made of EN24 steel; (P) Harmonic Drive " gearbox; (Q)
stepper motor; (R) supporting ball bearings; and (S) removable brackets.

same material as the original set,18 and are 70% longer than
the original tie rods of a standard V4 press. The axial elon-
gation of the tie rods at a load of 150 tonnes calculated using
FEA is less than 0.9 mm.
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FIG. 3. (Color online) Cross-sectional view of the hydraulic bearing. (a)
The hydraulic bearing assembly and parts: (U) piston; (V) cylindrical hous-
ing; (W) a Teflon® sealing ring; (X) a nylon ring; (Y) sealing grub screw;
and (Z) hydraulic oil. (b) The von Mises stress distribution calculated by
FEA. The maximum stress at 150 tonnes is approximately 0.61 GPa in the
bearing housing and 0.58 GPa in the piston. (c) The deformation calculated
by FEA. The maximum deformation at 150 tonnes is approximately 18 um
in the bearing housing and 20 um in the piston.

Attached to the breech (A) and the piston (E) is a set of
hydraulic bearings (L1,L2) (Fig. 2 and in more detail, Fig.
3). The bearings ensure that only the extended anvil supports
(I1,I2) and the anvils (D) can rotate, while the breech and the
piston are prevented from rotation during the operation of the
system. The design of the hydraulic bearings is discussed in
detail in Sec. II B. The extended anvil supports (I1,I2) are
manufactured from maraging steel and have tungsten carbide
inserts (K1,K2 respectively) fretted into them in order to
support the anvils (D). Two gears (J1,J2) encircle and are
attached to the top (I1) and the bottom (I2) extended anvil
supports.

The side structure is an independent assembly that is
mounted on the top and bottom platens (B,F). It supports the
components that drive the gears (J1,J2). A steel side frame
(M) provides support for the motor (Q), gearbox (P), side
shaft (O), pinions (N1,N2), and supporting ball bearings (R).
The ac stepper motor (Q) has an output torque of no less than
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1.3 N m when turning at up to 500 1rprn.19 It is linked by a
coupling to the Harmonic Drive' " gearbox (P) with a maxi-
mum output torque of 360 N m and 160:1 reduction ratio.”
The resulting geared torque is then transmitted to the side
shaft (O) which has two pinions (N1,N2) mounted on it
through which the torque is transferred to the hexagonally
hollowed gears (J1,J2). These two pairs of gears and pinions,
with a reduction ratio of 5:3, are custom built by HPC Gears
Ltd.*' The maximum calculated driving torque on the gears
of the central shafts is 373 N m. However, after taking into
consideration the efficiency of various components along the
mechanical transmission chain, this figure is reduced to just
over 200 N m.

The overall dimensions of the assembled RV4 are
48 cm X 27 cmX 20 cm. The mass of the whole device is
approximately 125 kg.

B. Design challenges and solutions

Two significant technical problems emerged during the
development of the system, and we will describe them in this
section as we are aware that they are common to other simi-
lar applications. The first problem is related to a large static
friction in the mechanical bearings. In the first version of the
RV4, instead of hydraulic bearings (L1,L2) we used thrust
roller bearings. These bearings had an inner diameter of 60
mm, an outer diameter of 130 mm, and an overall height of
42 mm, and they were the largest commercially available
roller bearings that would fit between the tie rods.”* Accord-
ing to the manufacturer’s specifications, they were rated to
take a static axial load of at least 93 tonnes and were the only
type of thrust bearings commercially available that met the
requirements in terms of size, load capability, and self-
alignment. We have since found that the bearings produce a
large frictional resistance to movement and, as a result, our
system initially only operated to loads of up to 25 tonnes.
Mechanical bearings are employed in the existing rotator
systems described abovel3_15, and we now understand that
this has been a limiting factor in achieving rotation at higher
loads.

We resolved the problem by developing compact heavy-
duty hydraulic bearings. The design of the hydraulic bearing
is shown in Fig. 3(a). It consists of a cylindrical housing (V)
and a piston (U) separated by an approximately 1 mm thick
layer of hydraulic oil (Z). Rings (W) and (X) made of
Teflon® and nylon, respectively, are mounted on the piston.
The rings seal the oil and at the same time ensure low fric-
tion of rotation. The grub screw (Y) seals the small opening
in the housing used for the bleeding of air and excess oil
during the assembly of the bearing. The housing of the bear-
ing and piston can be made of maraging or stainless steel.
The results of the stress and deformation simulation of the
bearing under the load of 150 tonnes are shown in Figs. 3(b)
and 3(c), respectively, for maraging steel. The bearings have
been verified by experimental test in a version made with
stainless steel, and shown to be able to withstand a static
load of over 150 tonnes and to operate in the RV4 to 100
tonnes with much less frictional moment than the mechanical
roller bearings. It has also been shown that the seals have
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FIG. 4. Diagram of the RV4 control system. The torque shown is the maxi-
mum calculated output from the corresponding components in the system
without taking into account the loss of efficiency of the components.

good resistance to wear and are suitable for continuous use in
the RV4.

The other problem we encountered was that the extended
anvil supports (I1,12) tilted under a large torque delivered
from the pinions (N1,N2) through the gears (J1,J2) (Fig. 2).
The force is directed away from the side shaft (O) and the
magnitude of the resulting deflection of the sample position
has been shown to reach =0.5 mm when the anvils are ro-
tated under a load of approximately 70 tonnes. Not only may
this cause damage to the single-crystal samples, but it can
also lead to an increase in friction inside the hydraulic bear-
ings or ultimately to seizing of the piston and the housing of
the bearing as they become axially misaligned.

To prevent the extended anvil supports from tilting and
to provide support against the side force from the pinions,
four needle roller bearings with sleeves (H1,H2), Fig. 2, are
mounted on the two tie rods opposite to the side structure.
The sleeves are machined to high tolerances to give them the
proper location with respect to the extended anvil supports.
By using these supports, the displacement of the sample
from an axial position during anvil rotation has been reduced
to less than =0.1 mm.

C. Rotation control and dynamic characteristics

The rotational motion is driven by a single-phase ac
closed-loop stepper motor with a driver and a built-in con-
troller package. The controller communicates with the host
computer via a serial protocol, which can be incorporated
into the communication between the workstations controlling
sample environment and data acquisition on diffractometers
such as the single-crystal instruments SXD at ISIS and D9 at
ILL. The output of the motor has a resolution of 0.36° per
step in the motor shaft, which is translated to only 0.001 35°
per step in the anvils. (The total reduction ratio between the
motor shaft and the anvils delivered via the gearbox and the
gear/pinion mechanism is 800:3.) The continuous operation
speed of 360°/s for the stepper motor thus translates into
1.35°/s rotation in the anvils assembly. The control commu-
nication system, with the schematics of mechanical transmis-
sion, is shown in Fig. 4.

The total resulting backlash of the mechanical system,
resulting mainly from the meshing of the gear/pinion pairs,
was found to be approximately 0.5° during online testing.
The RV4 can be operated in the same direction (i.e., only
clockwise or only counterclockwise 360° rotation without
collision or problems with the hydraulic hosing twisting) in
which case there is no backlash and a high precision posi-
tioning of the crystal can be achieved to within =0.2°. If the
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rotator is operated in both directions, corrections for back-
lash are introduced by the drive software. Additionally, a
mechanical microswitch manufactured by Honeywell is in-
stalled on the housing of the bottom bearing as a reference of
the position. It alleviates the “backlash-introduced position-
ing error” by providing a reference home position which is
check regularly during its operation to ensure that no loss of
position has occurred. During neutron-diffraction experi-
ments, the RV4 is expected to provide rotation of the sample
through small angles and at low RPMs.

lll. SINGLE-CRYSTAL NEUTRON-SCATTERING
EXPERIMENT

A. Experimental techniques

For high-pressure single-crystal neutron-scattering ex-
periments, the choice of the opposing anvil and gasket as-
sembly depends on many factors such as the required range
of sample pressures, the size of the sample, and orientation
of the press relative to the incident and diffracted beam.
Available options of these opposing anvils for the Paris—
Edinburgh press include single-toroidal anvils'™ and double-
toroidal anvils,”® typically manufactured from tungsten car-
bide, sintered diamond, or cubic boron nitride with gaskets
made of titanium-zirconium alloy, pyrophyllite, beryllium-
copper alloy, or other deformable low-scattering or null-
scattering neutron-scattering materials.” For the study set
out below, we have used single-toroidal anvils made of tung-
sten carbide which are bevelled with a 20° angle.16 For the
original implementation of the PE press on the POLARIS
and then the HiPr/PEARL beamlines at ISIS, a 7° bevel
angle was adopted to match the acceptance angle of the 90°
detector banks for powder diffraction collection.' As already
noted, a variant with a bevel angle of 20° has now been
developed to allow a greater angular access for single-crystal
data collection. However, this is achieved at the cost of ulti-
mate load capability in that the support provided by the hard-
ened steel frettage is dependent on the bevel angle. 20° an-
vils have been successfully used in VX presses to
approximately 8 GPa in single-crystal neutron-diffraction
studies.'" In the RV4, both 7° and 20° single-toroidal bevel
anvils fit in with the top (I1) and bottom (I2) extended anvil
supports (Fig. 2). Six M3 grub screws peg the outer frets of
the anvils ensuring that the anvil assembly rotates with the
extended anvil support.

It is necessary to mount the press with the breech at the
bottom of the support assembly on the SXD instrument and
the position of the RV4 with respect to the instrument’s
vacuum tank, as shown in Fig. 5. With the breech fully in-
serted, there is a 3 mm gap between the anvils. When the
sample and gaskets are to be loaded into the cell, the breech
(A in Fig. 2) can be withdrawn by 5 mm from its fully
inserted position so that the hydraulic bearing (L1) and ex-
tended anvil support (I1), with its anvil, are lowered, while
the components on the other side (12, J2, K2, and L2 in Fig.
2) remain in place supported by removable brackets mounted
on the tie rods (S). With the breech withdrawn, there is then
a total gap of 8 mm between the top and bottom anvils avail-
able for placing the gasket and sample in place, and transfer-
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FIG. 5. (Color online) Cross-sectional view of the RV4 experimental setup
at the SXD instrument, ISIS. The vertical angular aperture for the scattered
beam is 40° as a pair of 20° bevelled anvils was utilized in the experiment
to maximize access to reciprocal space. Surrounding the setup are the six
ZnS scintillator detectors centered on the equatorial plane of the instrument
that can be accessed for high-pressure measurements (Refs. 24 and 25). The
RV4 is shown in the projection in which the steel side frame is behind the
press.

ring pressure transmitting media into the sample space. Once
the gasket assembly, sample, and pressure transmitting me-
dium are inserted between the anvils, the breech can be
screwed upward to its home position to close the gap be-
tween the anvils, and a load is then applied to seal the gasket
assembly preventing the loss of the pressure transmitting me-
dium.

B. Neutron-diffraction experiment on D9 and SXD

Initial testing was performed on a single crystal of
squaric acid using the D9 monochromatic-beam diffracto-
meter at the ILL reactor source. Adaptor plates were manu-
factured to allow the press to be mounted on an XYZ table
attached to the w table of the instrument, and the hardware
controlling the rotation mechanism was incorporated into the
instrument control software (MAD). This meant that it was
possible to accurately control the rotation of the anvils to
bring a specific reflection of squaric acid into the diffraction
position. This initial testing was performed up to 25 tonnes
in the first version of the RV4 with the mechanical thrust
roller bearings, and the hardware was found to fully integrate
into the D9 instrument and associated software.

In situ high-pressure neutron-scattering experiments
have also been performed on a single crystal of germanium.
The single-crystal diffractometer at the ISIS pulsed neutron
source (SXD) was used. The configuration of the RV4
mounted in the SXD instrument is shown schematically in
Fig. 5. SXD utilizes polychromatic pulses of neutrons, and
allows access to large volumes of reciprocal space simulta-
neously by time-of-flight Laue techniques.“’z“’25 The details
of the sample loading and orientation process were the same
as described by Bull et al. A pair of 20° bevelled anvils was
mounted in the RV4 press and modified encapsulated
gaskets”‘23 made of null-scattering TiZr alloy (67:33 molar
ratio) were used. A cylindrically shaped single crystal of ger-
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FIG. 6. The map of all the k0! reflections strong enough to be observed
during the SXD experiment on a single crystal of germanium at 70 tonnes in
the RV4. The h and [ Miller indices are shown along the x and y axes,
respectively. The reflections in the original orientation of the crystal are
shown as squares. The reflections observed from the same 0!/ layer after
rotation of the crystal by 44.6° are shown as circles. Note that 004 is the
only reflection visible in both orientations of the sample.

manium, of approximately 3 mm diameter and 1 mm height
(see Bull et al.'"), was mounted on the flat surface of a modi-
fied gasket and a deuterated methanol:ethanol (4:1) mixture
was used as a quasihydrostatic pressure medium. To reduce
the background inherent from the anvils, gasket, and press,
the steel of the anvils and RV4 in the incident and diffracted
beam path were covered with thin cadmium sheets. The
beam size was defined further by the jaws of the SXD instru-
ment itself.**

With the sample loaded into the gasket and the pressure
medium placed in the sample chamber, the load on the press
was increased in order to seal the gasket assembly and pre-
vent the loss of the volatile pressure medium. The press as-
sembly was mounted on SXD in an orientation which mini-
mizes shadowing of the detectors by the tie rods. With an
applied load of 7 tonnes, the sample was very close to am-
bient pressure, and a diffraction measurement was made to
determine the sample orientation. The hydraulic load on the
piston was then sequentially increased and the changes in the
diffraction patterns were observed after each 10-tonne step
increase of load. This was to ensure that the crystal was not
damaged and to monitor the generated sample pressure. At
70 tonnes a sample pressure of ~6 GPa was achieved and a
data set was collected for a period of approximately 6 h.

On completion of the data collection the bearings, the
extended anvil supports, the anvils, and the sample were ro-
tated by 44.6°, to bring previously inaccessible reflections
out of the “shadow” of the tie rods. Figure 6 shows all the
reflections strong enough to be observed in the 6 hour run
from the horizontal 40! layer. The reflections observed in the
original position of the sample are shown as squares, and
those observed after rotation are shown as circles (Fig. 6).
The substantially increased access to reciprocal space is
clear. The reflections obtained after rotation were observed at
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positions predicted by the same rotation of the initial orien-
tation matrix of the crystal, and reflections were unaltered in
their shape and intensity. This indicates that a good quasihy-
drostatic environment was maintained during the increase of
applied load and that there was no mismatch in rotation of
the two anvils sufficient to cause any detectable shearing of
the sample crystal.

IV. CONCLUSIONS

We have designed and built a modified variant of the
Paris—Edinburgh press for performing co-rotation of the two
anvils and the sample under high pressure. The device has
been developed for performing in situ neutron-diffraction ex-
periments on single crystals. It features custom-built hydrau-
lic bearings, and provisions are made to improve the stability
of the device during the rotation. The mechanical drive sys-
tem, which includes the motor, the gearbox, the pinions, and
the gears, is designed to provide a reliable and steady rota-
tional movement under load. The electronics control system
ensures the precision positioning of the sample with respect
to the incident beam and the detectors during the measure-
ment, and can be easily integrated into the sample control
environment at neutron sources. The design of the device has
been optimized by using FEA in order to achieve the best
possible performance while keeping the dimensions and the
weight to a minimum. The RV4 has been designed to with-
stand a static load of 150 tonnes. Its rotational performance
has been tested during an experiment on a single crystal of
germanium at 70 tonnes on the SXD instrument (ISIS, RAL).
And operation up to 100 tonnes has been confirmed in off-
line tests.

In terms of the mechanical performance of the rotator, it
would be possible to extend its range of use in experiments
to loads over 100 tonnes, possibly to 150 tonnes, by using
maraging steel for the construction and making some design
modifications arising from tests of this first device. The com-
bination of higher loads and some reduction in sample size
can be expected to extend the usable pressure range to 17
GPa or more. Pressures beyond that should be reachable by
designing a higher capacity version of the rotator for the
higher-capacity (400-tonnes) V7 press>® which is 25% wider
and 40% taller than the V4 and VX presses.
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