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High-pressure cell for neutron reflectometry of supercritical
and subcritical fluids at solid interfaces

Justin R. Carmichael,’® Gernot Rother,2® James F. Browning," John F. Ankner,’

Jose L. Banuelos,? Lawrence M. Anovitz,? David J. Wesolowski,2 and David R. Cole??)
' Neutron Scattering Science Division, Oak Ridge National Laboratory, Tennessee 37831, USA
2Chemical Sciences Division, Oak Ridge National Laboratory, Tennessee 37831-6110, USA

(Received 13 September 2011; accepted 9 March 2012; published online 6 April 2012)

A new high-pressure cell design for use in neutron reflectometry (NR) for pressures up to 50 MPa
and a temperature range of 300—473 K is described. The cell design guides the neutron beam through
the working crystal without passing through additional windows or the bulk fluid, which provides for
a high neutron transmission, low scattering background, and low beam distortion. The o-ring seal is
suitable for a wide range of subcritical and supercritical fluids and ensures high chemical and pressure
stability. Wafers with a diameter of 5.08 cm (2 in.) and 5 mm or 10 mm thickness can be used with
the cells, depending on the required pressure and momentum transfer range. The fluid volume in the
sample cell is very small at about 0.1 ml, which minimizes scattering background and stored energy.
The cell design and pressure setup for measurements with supercritical fluids are described. NR data
are shown for silicon/silicon oxide and quartz wafers measured against air and subsequently within
the high-pressure cell to demonstrate the neutron characteristics of the high-pressure cell. Neutron
reflectivity data for supercritical CO, in contact with quartz and Si/SiO, wafers are also shown.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3697999]

. INTRODUCTION

Neutron reflectometry (NR) is a powerful tool to study
surface and interfacial phenomena on the nanometer length
scale.!” Typical applications are the study of liquid-gas,
liquid-liquid, gas-solid, and liquid-solid interfaces, as well as
the sorption and coating of surfactants, polymers and biopoly-
mers at these interfaces. NR can measure the neutron scat-
tering length density profile perpendicular to a smooth inter-
face with a resolution of ~5-10 A. The inherent strengths
of neutron scattering experiments are the weak interaction of
the neutrons with the sample (and cell), and the possibility of
neutron contrast variation by, e.g., H/D isotope substitution.

The study of density profiles of pure and binary com-
pressed fluids at solid interfaces, sorption properties of
aqueous solutions of bio-macromolecules as a function of
pressure, and sorption properties of species dissolved in su-
percritical CO; at solid interfaces are examples of the wide
range of current research interests that require a high-pressure
neutron reflectometry cell.

Subcritical and supercritical carbon dioxide is of special
interest both for its potential use as a green solvent and the
need to reduce its concentration in the atmosphere. Detailed
knowledge of the solid-fluid interactions as a function of
fluid density and temperature is important for numerous ap-
plications, including carbon storage in subsurface reservoirs
and supercritical fluid chromatography. Many more fluids,
including methane, propane, butane, sulfur hexafluoride, and
others are studied experimentally for their environmental
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relevance and/or interesting physico-chemical properties like
gas-liquid phase transitions in a relatively modest temperature
and pressure range.

However, neutron reflectometry pressure cells that can
handle these fluids have, until recently, not been readily avail-
able. A number of pressure cells exist for small-angle neutron
scattering applications.*® In contrast, only few NR pressure
cells exist, some of which were designed for relatively low
pressures.” High-pressure NR cells have been in use at some
neutron scattering facilities. For instance, the effect of liquid
and supercritical CO, on the swelling properties of polymers
at interfaces has been studied by Watkins and co-workers®’
using neutron reflectometry and a pressure cell with sapphire
windows. Two high-pressure neutron reflectometry cells have
recently been built and employed for neutron reflectivity mea-
surements at the Berlin Neutron Scattering Facility, where
emphasis was placed on the study of sorption and film forma-
tion from aqueous solutions of polymers and lipids to solid
interfaces. The cell developed by Kreuzer et al.,'” which is
similar in design to the cell by Koga et al.,'' allows pres-
sures of up to 100 MPa and has a sample volume of about
55 ml. The high-pressure reflectivity cell described in
Jeworrek et al.,'” is designed for higher pressures of up to
250 MPa and temperatures of 5-75 °C, and has a smaller sam-
ple volume of about 6 ml.

The new Oak Ridge NR pressure cell was designed with
the primary goal to study the properties of supercritical CO,
and other fluids of geochemical interest at mineral interfaces
under conditions found in Earth’s upper crust. Special
attention was paid to the high pressure seal, as supercritical
fluids have low viscosities. The cell is optimized for use at the
Liquids Reflectometer located on beam line 4B (BL-4B) at
the Spallation Neutron Source (SNS) at Oak Ridge National

© 2012 American Institute of Physics

Downloaded 06 Apr 2012 to 128.219.49.14. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3697999
http://dx.doi.org/10.1063/1.3697999
http://dx.doi.org/10.1063/1.3697999
mailto: carmichaeljr@ornl.gov
mailto: rotherg@ornl.gov

045108-2 Carmichael et al.

Laboratory (ORNL). The Liquids Reflectometer features a
horizontal sample geometry and thus can accommodate
gas/liquid surfaces in addition to gas/solid, solid/solid,
and liquid/solid interfaces. Currently, reflectivities down to
5 x 1077 can be resolved. Active vibration isolation mini-
mizes capillary-wave production by the external environment.
The data rates and Q range covered at a single scattering
angle are sufficiently high to permit “real-time” kinetic
studies on many systems. Time-resolved experiments include
investigations of chemical kinetics, solid-state reactions,
phase transitions, and chemical reactions in general.

The SNS Liquids Reflectometer is useful for a wide range
of science including materials of interest in the geosciences,
biomaterials, polymers, and chemistry involving thin layers
of surfactants or other materials on the surfaces of liquids,
such as cell-membrane analogs. The Liquids Reflectometer
provides a flexible platform to study structure—property rela-
tionships at the boundary between hard and soft matter, with
applications in geochemistry, biomimetics, bio-sensing, bio-
compatible films, hydrogen storage, and fuel cells as well as
polymers.

In the high-pressure reflectometry cell described here, we
employ two unique design features. First, the neutron beam
passes directly through the working crystal as opposed to a
conventional design with pressure bearing entrance and exit
windows, which eliminates sources of neutron absorption and
scattering. Second, the fluid sample volume is very small,
~0.1 ml, which reduces the scattering from the fluid (a signifi-
cant advantage for hydrogen-bearing fluid species) and allows
for studies of costly (e.g., deuterated) samples. While simi-
lar beam guidance designs have been used in non-pressurized
neutron reflectometry cells, to our knowledge this is the first
application of this design to pressure cells. A photograph of
the NR pressure cell for wafers with 5 mm thickness in its
assembled form is shown in Figure 1, complete with the in-
strument adapter plate that automatically positions the cell in
the neutron beam.

FIG. 1. The high-pressure reflectometry cell in assembled state. The mantle
surface of the silicon crystal (dark grey color) is visible in the center of the
beam window. The 1/16 in. HIP pressure tubing connects to the internal fluid
volume underneath the silicon crystal.

Rev. Sci. Instrum. 83, 045108 (2012)

FIG. 2. Cross-sectional view of the high-pressure reflectometry cell. Labels:
(1) Pressure retaining fasteners, (2) o-ring seal, (3) pressure cell cap, (4) top
support cylinder, (5) high-pressure cell body, (6) titanium support cylinder,
(7) wafer, and (8) heater cartridges.

Il. THE HIGH-PRESSURE CELL FOR NR

The pressure cell is designed for operation at pressures
from 0 to 50 MPa and temperatures from 300 to 473 K.

A labeled cross-sectional view of the cell is shown in
Figure 2. The cell was designed for the commonly used wafer
diameter of 2 in. (item 7). The pressurized sample space is
contained in a small recessed volume (see Figure 3) between
the wafer (7) and the titanium (Ti) support cylinder (6). The
Ti support cylinder has entrance and exit pressure connections
allowing for pressurized fluid flow through the cell, if desired.
Ti was chosen for the support cylinder because of its superior
corrosion resistance to a wide range of fluids at the operating
temperatures of interest. A precision-machined o-ring (2) seal
was incorporated to reliably contain low-viscosity supercriti-
cal fluids at elevated pressures and temperatures. The neutron
beam is finely collimated so that it only passes through the
wafer (single crystal wafer of silicon, sapphire, quartz, etc.).
Thus, minimal neutron beam attenuation and distortion are

(2

O

—t=

FIG. 3. Detailed cross-sectional view of the o-ring seal groove: the fluid flow
channel enters the recessed sample volume behind the o-ring groove. The
distance shown is ~0.1 mm. Labels: (2) o-ring seal (shown compressed),
(6) titanium support cylinder, and (7) wafer.
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achieved. For instance, the beam is attenuated by less than
10% with commonly used silicon wafers. The pressurized
sample acts upon both the wafer (7) and the support cylinder
(6), and is contained by the o-ring (2).

Detail of the o-ring seal groove geometry is shown in
Figure 3. The geometry of the groove and surface finishes
were carefully selected to ensure a good seal at high pres-
sures. All sides of the o-ring groove were highly polished
to prevent leakage paths from developing in operation. The
o-ring, made of 90 Shore A hardness PTFE (Parker O-Ring
Compound FF202-90), remains rigid at elevated temperatures
(rated to 593 K) and is resistant to chemical attack.

Compression of the o-ring seal is provided by the tight-
ening of eight high-strength A-286 super alloy retaining fas-
teners (1), which transfer force through the carbon steel cap
(3), and top compression cylinder (4) to the wafer (7). These
retaining fasteners are also subjected to the force from the cell
pressure acting over the area of the wafer. As such, it is nec-
essary to calculate the stresses in the threads. The stress in the
weaker internal threads is calculated by dividing the load per
screw by the shear area of the internal thread given by

1
Arg =mnL,D; nin |:2_ +0.57735(Ds_min — E, max):| s
_ n _ _
(D

where n is the number of threads per unit length, L, the length
of engagement, D ,,;, the minimum major diameter of the
external thread, and E, ,,, the maximum pitch diameter of
the internal thread.!® Since the force is transmitted from the
top cylinder to the wafer, the mating surfaces of both the
wafer and the cylinder are polished and flat. A thin layer of
PTFE film less than 25 um thick may be placed between
the contacting surfaces to prevent stress risers from surface
imperfections.

The high strength carbon steel cell body (5) and cap
are designed to minimize deformation at elevated pressures
and temperatures in order to maintain integrity of the o-ring
seal. At an internal pressure of 50 MPa, the total force in the
cell acting through the upper and lower support cylinders is
~100 kN. To ensure integrity of the o-ring seal by minimizing
deformations and stresses in the cell, finite element method
(FEM) calculations were performed using the ABAQUS™

FIG. 4. FEM simulation of the pressure cell body showing von-Mises
stresses (a) and deflection (b).

Rev. Sci. Instrum. 83, 045108 (2012)

software package. Figure 4 shows the stresses and deflections
resulting from the FEM simulation on one quadrant of the cell
body (utilizing symmetry boundary conditions). The highest
observed stresses occur in the radius at the bottom of the ves-
sel insert hole where the Ti cylinder rests. Other stresses are
comparatively low.

Each component is subject to thermal expansion and
compression. Both thermal expansion of the vessel body and
tension from the axial forces resulting from the pressurized
fluid cause the o-ring gap to increase in length. For the two
cylinders, compression from the forces also increases the
length while thermal expansion helps to close the gap in the
o-ring seal. This change in length can be approximated ana-
lytically by

AL = Lola AT + F/AoE], 2)

where Ly and Ay are, respectively, the original lengths and
cross-sectional areas of the component under question, «;, the
coefficient of linear expansion, AT the change in tempera-
ture, F the force due to the pressure in the cell, and E the
elastic modulus of the component material. Computed val-
ues were compared with analytical approximations for part
compression and thermal expansion. At an elevated tempera-
ture of 473 K and a pressure of 50 MPa, the lateral deflection
of the wafer away from the o-ring due to thermal expansion
and compression effects combined is calculated to ~63.5 um.
While this deflection should not compromise the integrity of
the o-ring seal, modifications can be made to include more
rigid support cylinder materials or materials with more/less
thermal expansion as required. The top support cylinder could
be fabricated from multiple stacked disks to match the deflec-
tion of the steel cell body.

Temperature control is provided by two 25 W Vulcan
model C2010 heater cartridges connected to a Lakeshore
controller model 340. The heater cartridges (item 8 of
Figure 2) are inserted through the cap (3) into 6.35 mm diam-
eter dead-ended holes in the carbon steel top support cylin-
der (4). Two Pt-100 temperature sensors are inserted into the
same cylinder through 1.6 mm holes (sensors are not shown in
Figure 2). Both the sensors and cartridges are connected to the
temperature controller allowing temperature control to within
+0.1 K.

To prevent scattering of the neutron beam from the steel
vessel body two boron nitride masks (Figure 5) were placed
in the vessel entrance and exit ports of the NR cell body.

. PERFORMANCE TESTS
OF THE HIGH-PRESSURE CELL

The pressure cell was tested at high pressure to verify
the mechanical integrity of the cell and the seal design. The
pressure setup, built from High Pressure Equipment Com-
pany, Erie, PA (HIP) stainless steel Taper Seal standard parts,
is shown in Figure 6. Tubing is 1/16 in. OD stainless steel
capillary tubing (HIP) to minimize the total amount of com-
pressed fluid in the system. Prior to use, the setup is flushed
with 1,1,2-trichloroethane, ethanol, and acetone to remove
contaminants. After cleaning, the entire system is evacuated
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FIG. 5. A photograph of the mask, machined entirely from boron nitride,
used to reduce scatter from the steel body prior to entering the wafer.

to a pressure less than 100 Pa (1 mbar) followed by thorough
flushing with liquid CO, to remove contaminant residues.
The pressure setup, shown in Figure 6, allows indepen-
dent evacuation of the pressurizer and the high-pressure cell
through operation of valve B and use of a portable Adixen
AMD 1 oil-free diaphragm vacuum pump. It is designed for
fluids that condense at temperatures above 290 K, while flu-
ids that only condense at lower temperatures, i.e., methane,
require a different compressor setup. For fluid compression,
the valves (B) and (C) are closed and valve (A) opened. Fluid
from the bottle enters the cooled piston compressor (C2) (HIP
1 kbar positive displacement pump) and condenses. Valve

FIG. 6. Schematic of the high pressure fluid delivery system. C1: Bottle with
compressed measurement fluid; A, B, C: High pressure needle valves; C2:
Piston pressurizer; C3: High-pressure reflectometry cell; G1, G2: pressure
gauges; VAC: Oil free vacuum pump.

Rev. Sci. Instrum. 83, 045108 (2012)

(A) is then closed and valve (B) opened for pressurization of
the high-pressure NR cell (C3). Heat tape can be wrapped
around the pressure tubing between Valve B and the high-
pressure cell to prevent condensation. The pressure at the
high-pressure cell is measured with a Keller high accuracy
pressure controller (X33 series), (G2), to better than 10 kPa
(0.1 bar). The pressure in the piston pressurizer is monitored
through use of a high-precision Keller 0-100 MPa pressure
transducer (G1). With valves (B) and (C) closed, the pressure
stability has been tested with supercritical CO, (T = 50 °C)
at 34 MPa (340 bar) for 24 h, during which no measurable
pressure loss was detected.

In order to demonstrate the efficacy of the high-pressure
cell, NR measurements were performed on a sample in air
and subsequently mounted within the high-pressure cell. The
sample was comprised of a thermally grown oxide layer on a
Si wafer. Neutron reflectivity measurements were conducted
on the Liquids Reflectometer at the SNS at ORNL. Specu-
lar reflectivity data were collected using a 3.5 A bandwidth
of neutron wavelength, 2.5 A<xr<60 A, at seven inci-
dent angles 6 from 0.15° to 2.80°. With these instrument set-
tings reflectivity data has been acquired covering a wide wave
vector transfer (Q = 4z sinf/A) range of 0.005 Al <0
<0.20A"

Data from the two measurements were analyzed by si-
multaneously applying reflectivity profiles derived from a sin-
gle model scattering length density (SLD) profile. The SLD
carries information regarding the composition and density
profiles normal to the surface of thin film materials. Model
parameters for the SLD profile were adjusted to achieve best
fits to each data set (i.e., from air and within the high-pressure
cell).

Figure 7 shows the data and the results of the analysis.
The upper graph shows reflectivity profiles (solid symbols)
as measured for the thermally grown oxide layer on the Si
wafer. Black data points correspond to the measurement in
air while the red data points to that taken with the sample
mounted within the high-pressure cell. The solid lines repre-
sent the best fit of the SLD model profile (shown in the bot-
tom graph from air, black line, and within cell, red line) to
each data set. As can be seen, a single SLD model represents
both data sets well indicating the high-pressure cell does not
contribute significant parasitic scattering to the resulting re-
flectivity profiles. The shape of the SLD profile agrees with
the reported data.'*

An additional high-pressure neutron reflectivity cell has
been designed for 2 inch diameter wafers with 10 mm thick-
ness to supplement the existing cell described earlier in this
paper while also improving performance. Figure 8 shows a
cross-sectional view of this new pressure cell. The wafer (7)
thickness in Figure 8§ has been increased from 5 mm to 10 mm
to improve the signal quality, maximize the angle of scatter,
and reduce mechanical stresses on the wafer. A number of ad-
ditional modifications, described below, were made from the
5 mm cell design to increase temperature homogeneity and
simplify cell assembly. To minimize thermal gradients and to
achieve a higher maximum temperature, two additional heater
cartridges (8) were placed in the support cylinder (6) (not vis-
ible in the figure). Items (9), (10), and (11) are fabricated from
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FIG. 7. NR data and analysis of a Si wafer with thermally grown oxide layer.
Top: NR curves for measurement in air (black circles) and mounted in the NR
pressure cell (red triangles). Data are offset for clarity. Bottom: Plots of the
SLD profiles resulting from the NR data obtained in the two measurements.

PTFE and form an insulating jacket to retain the heat in the
vessel and reduce thermal inhomogeneity. The upper support
cylinder (4) is fastened to the vessel cap (3) to help with align-
ment and ease of assembly. Two holes drilled into the vessel
body (5) allow thermocouples to come directly in contact with
the wafer (holes not shown). Lastly, the lower support cylin-
der (6) was fabricated from both titanium and from a null ma-
trix alloy such as Ti—Zr'> in an effort to further improve the
signal quality.

Tests have shown that at temperature setpoints between
35 °C and 50 °C the thermocouple sensors in the top support
cylinder (4) and support cylinder (6) stabilized within 0.01 °C
of the set value. The range of high temperature homogeneity
can be extended using modern temperature controllers with 2
PID control loops. It was also found that the thicker wafers
used in the 10 mm pressure cell have preferential mechan-
ical strength. Wafer cracking under pressure was observed
occasionally for Si wafers in the 5 mm cell, but not in the
10 mm cell.

To demonstrate cell functionality at high pressure, two
sets of reflectivity curves of supercritical CO, adsorbing to
crystalline (a-quartz) and amorphous Si/SiO, are shown us-

Rev. Sci. Instrum. 83, 045108 (2012)

FIG. 8. Cross-sectional view of the pressure cell for wafers with 10 nm thick-
ness. Labels: (1) Pressure retaining fasteners, (2) o-ring seal, (3) pressure cell
cap, (4) top support cylinder, (5) high-pressure cell body, (6) support cylin-
der, (7) wafer, (8) heater cartridges, (9) insulative cap, (10) insulative body,
(11) insulative mounting base, and (12) boron nitride masks.

ing 10 mm wafers. This experiment was motivated by gravi-
metric excess sorption data of supercritical CO, confined in
mesoporous CPG-10, indicating pronounced confinement in-
duced sorption effects on the scale of tens of nanometers.'®
Key questions are how pore confinement and the presence
of large surfaces control the pore fluid sorption, and whether
their individual impacts on pore fluid properties can be sepa-
rated. In Ref. 15, large differences in the strength of sorption
effects were observed between the two studied pore sizes of
8.1 nm and 31.8 nm. Normalization of the excess sorption to
the specific surface area and pore volume indicates that pore
confinement controls fluid sorption over a wide range of bulk
fluid densities. This finding indicates that the adsorbed layer
formed by supercritical fluids at solid interfaces can extend
tens of nanometers into the subphase.
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FIG. 9. Neutron reflectivity curves of Si substrate with thermally grown
oxide layer in contact with supercritical CO, at different pressures and
T = 307 K. Data were measured in the 10 mm pressure cell, curves are offset
vertically.
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FIG. 10. Reflectivity data of an «-quartz substrate interacting with supercrit-
ical CO; at various pressures and T = 307 K. Data were measured in the
10 mm pressure cell and are offset vertically.

The fluid density profiles of supercritical fluids formed
at flat interfaces with identical chemical composition as the
porous solid provide a reference point for studies of confine-
ment effects, but such data have been difficult to obtain exper-
imentally hitherto.

Experimental neutron reflectivity curves for supercriti-
cal CO, at oxide wafers are shown for a silicon wafer with
thick thermally grown layer of amorphous SiO; (Fig. 9), and
a-quartz (Fig. 10). Data analysis with the goal to extract CO,
density profiles is currently underway. Initial analysis sug-
gests CO, densification at these oxide surfaces, which is in
agreement with the gravimetric excess sorption data.'® The
results can be directly compared with MD simulations and
may be used to calibrate the solid-fluid interaction potentials
used in computer modeling.'’

IV. CONCLUSIONS

Novel type NR cells accommodating wafers with thick-
nesses of 5 and 10 mm, respectively, have been built and
tested. The main characteristics of the two pressure cells dis-
cussed in this paper are the windowless design, and small
fluid sample volume of only 0.1 ml. Combined, these design
features effectively reduce background scattering, beam dis-
tortion, and attenuation. The measurements can be extended
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to high momentum transfer (approx. 0.3 A~!), which en-
ables high-resolution reflectivity measurements. The cell has
been tested in studies of the sorption properties of pure and
mixed compressed fluids at mineral surfaces, providing previ-
ously unattainable density profiles under sub- and supercrit-
ical conditions. A range of other uses is anticipated and the
cell is available for use by interested users for their research
activities.
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