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We have designed and constructed a new system for loading gases at high pressure into diamond anvil cells
at pressures up to 200 MPa. The gases are used either as quasi-hydrostatic pressure media surrounding the
sample or as the sample itself. The diamond cell is sealed using a clamping mechanism, which permits
nearly any type of diamond anvil cell to be used. Online ruby ﬂuorescence and video imaging systems
allow in situ monitoring of the pressure and gasket deformation as the cell is sealed, resulting in a very
high success rate in loading cells. The system includes interlocks and computer control that allow it to
be safely and easily operated by visiting users at the Advanced Photon Source. We present preliminary
X-ray diffraction data on volume compression of single-crystal magnesium oxide (MgO) in helium up to
110 GPa.
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1.

Introduction

Diamond anvil cells (DAC) are the most widely used devices for obtaining static high pressures
above 3 GPa. In order to achieve quasi-hydrostatic conditions in the DAC at these pressures,
it is necessary to use pressure media that are relatively soft solids. It is also desirable to use
pressure media that are chemically inert, optically transparent, and weak X-ray scatterers. For
DAC studies above about 10 GPa, rare gases are the preferred pressure media [1,2]. Argon can
be loaded cryogenically, since it condenses above the temperature of liquid nitrogen. However,
cryogenic loading has several disadvantages because the entire DAC is submerged in boiling
liquid nitrogen, which can displace the sample. It is also difﬁcult with Ar to control the initial
pressure required to seal the cell, resulting in either failed loading or overshooting the desired
initial pressure. Although helium and neon are preferred because of their lower X-ray scattering
cross-sections and lower shear moduli, they cannot be loaded cryogenically at liquid nitrogen
temperatures. Thus, it becomes necessary to load He, Ne, and other rare gases into the DAC
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using high-pressure gas-loading techniques [3–6]. If the gas pressure is 100–200 MPa, then its
density is comparable to the liquid at ambient pressure, and the DAC can be pressurized without
excessive shrinking of the pressure chamber. High-pressure gas-loading also permits gas mixtures
to be loaded, which generally cannot be done with cryogenic loading. Such systems operate by
loading a DAC into a pressure vessel, pressurizing the vessel, and then remotely sealing the
DAC, trapping the high-pressure gas with the sample inside the gasket hole between the two
diamond anvils.
Noble gas pressure media, especially He or Ne, are particularly desirable for X-ray-based
experiments (diffraction, emission spectroscopy, inelastic scattering, etc.) to minimize anisotropy
in the stress ﬁeld and to reduce the X-ray scattering background from the pressure medium.
Because it is necessary to use high-intensity synchrotron radiation sources for high-pressure DAC
experiments, it has become desirable to have a gas-loading system at a synchrotron beamline that
is optimized for DAC studies. We have designed and built a new gas-loading system at GSECARS,
sector 13 at the Advanced Photon Source, Argonne National Laboratory. Preliminary diffraction
results are presented on volume compression of single-crystal magnesium oxide (MgO) in helium
up to 110 GPa.

2.
2.1.

System design
Design goals

The APS and GSECARS are national user facilities for research using synchrotron radiation,
hosting hundreds of high-pressure users from dozens of institutions. We wanted to build a system
that could be safely and easily operated by our users with appropriate training. These scientists
bring many different DAC designs to our beamlines. We therefore developed the following goals
when designing our system:
• Ability to load many kinds of DACs. A closure mechanism (motor driven screws) closes a
clamping device, which clamps the DAC closed. By not turning the tightening screws on the
DAC directly, it is simple to accommodate different DAC designs. In many cases they just
require different spacers, and in some cases a different clamp design. This design is inspired
by the system described by Kenichi et al. [5].
• Optical access to view the cell while loading. This allows one to see when the diamonds contact
the gasket as the cell is closed and to monitor gasket deformation. Optical access also allows
in situ ruby ﬂuorescence measurements for monitoring the pressure as the cell is closed. A
similar optical access system, but without ruby ﬂuorescence measurements, has been described
by Couzinet et al. [6].
• Vacuum pump to clean the system before loading the gas and to save expensive gases by
avoiding the need to purge the high-pressure system with gas.
• Ability to have no electrical parts except pressure transducers in the cabinet enclosing the
high-pressure system. This allows ﬂammable gas operation (e.g. hydrogen) in the future.
• Easy to safely operate. Use of air-driven valves, safety interlocks, and computer control.
2.2.

System components

Based on these design goals, a system design was developed. The system layout is shown in
Figure 1. A cross-section of the pressure vessel, with the cell clamp and the diamond anvil cell
is shown in Figure 2. An annotated photograph of the system is shown in Figure 3. This design
incorporates the following components:
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Figure 1. Schematic layout of the gas-loading system. Each valve is either normally open (NO), meaning it opens on
loss of air pressure, or normally closed (NC), meaning it closes on loss of air pressure. The low-pressure burst disk (2.5 K)
has a rating of 17.2 MPa (2500 PSI), and the high-pressure burst disk (30 K) has a rating of 207 MPa (30,000 PSI). There
are six normal operational states of the system. In each state, all valves are closed, the compressor is off, and the manual
valve on the lecture bottle is open unless otherwise noted. (1) Evacuating the system with the vacuum pump (valves 2, 3,
5, and 7 open, the manual valve on the lecture bottle closed), (2) ﬁlling the lecture bottle directly from the large gas bottle
(valves 1, 2, 3, and 6 open), (3) ﬁlling the lecture bottle from the large gas bottle using the compressor (valves 1, 3, and
6 open, compressor on), (4) ﬁlling the pressure vessel from the lecture bottle (valves 2 and 5 open, compressor on), (5)
venting the high-pressure system (valves 2, 3, and 6 open), (6) venting the low- and high-pressure systems (valves 2, 3,
4, 5, and 6 open, manual valve on the lecture bottle closed).

Low-pressure system. The low-pressure system includes valves 1, 2, and 4, a lecture bottle, a
low-pressure gauge, and a 2.5 K burst disk. This part of the system operates at a maximum pressure
of 13.8 MPa. It is isolated from the high-pressure system by valve 3.
High-pressure system. The high-pressure system includes valves 5, 6 and 7, a high-pressure
vessel, a high-pressure gauge, and a 30 K burst disk. This part of the system operates at a maximum
pressure of 207 MPa. It is isolated from the low-pressure system by valve 3.
High-pressure vessel. The pressure vessel (High Pressure Equipment Company, CL reactor)
has a cloverleaf closure mechanism on each end plug, which works by rotating the plug 45◦
to lock and seat an O-ring seal. The upper end plug has a 25 mm thick sapphire window with
a 12.5 mm optical aperture to allow viewing the diamond cell while it is being loaded. The
lower end has two rotary feedthroughs to close the cell clamp. All components of the pressure vessel (cloverleaf closure mechanism, optical window, rotary feedthroughs) are commercial
products and well-proven designs. The vessel has an outer diameter of 16.5 cm and an inner
diameter of 7.62 cm, and it is made of 4340 alloy with hardness HB 311. The pressure chamber is 7.62 cm diameter and 8.89 cm tall. A detailed design of the vessel is shown in Figure 2.
This vessel is not designed to load hydrogen, but a future more expensive system could use a
hydrogen-safe alloy. The bottom plug is raised and lowered with pneumatic cylinders because
the weight of the plug and the force required to seat the O-ring seal are too large for manual
operation.
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Figure 2. Cross-section view of the pressure vessel. (A) pressure vessel (outer diameter = 16.5 cm); (B) top end plug;
(C) bottom end plug; (D) diamond anvil cell; (E) sapphire window; (F) cell clamp; (G) M6 screw; (H) rotary feedthrough;
(I) pneumatic lifter; (J) guide bearing; (K) damper; (L) handle for rotating base assembly; (M) stepper motor; (N) gear
reducer; (O) 90◦ gear; (P) coupling. The top and bottom end plugs are rotated 45◦ to seal using a cloverleaf closure. The
base assembly (consisting of the bottom end plug, cell clamp with diamond anvil cell, stepper motors, and gears) is raised
pneumatically and then rotated 45◦ to seal the pressure vessel. The damper slows the pneumatic lifter over the last 1 cm
of travel, preventing sudden acceleration as the O-ring seal on the bottom end plug seats.

PLC. The operation of the air supply to the compressor and the air supply to all seven valves
is controlled by a Programmable Logic Controller (PLC, Automation Direct Model DL205). The
PLC ensures that valves are opened and closed in the correct sequence and ensures basic system
safety. For example, it will open the vent valves before the burst disks fail and will turn off the
compressor if the output pressure exceeds a maximum allowed value. The PLC inputs include
the status of each valve and the cabinet door switches. The PLC outputs control compressed air
solenoids to operate the valves and the compressor. It accepts requests over Ethernet from the
control computer to operate the valves or the compressor. It sends the status of each of the valves
over Ethernet to the control computer. The PLC controls the pneumatic cylinders that raise and
lower the bottom plug of the pressure vessel. It also controls the laser interlock for the ruby
ﬂuorescence system. The PLC can be controlled and monitored from an Optimate panel on the
front of the cabinet, or from the control computer. The operation of the PLC is discussed in detail
in the Interlocks section below.
Compressor. The low- and high-pressure systems are pressurized with a dual-stage air-driven
diaphragm compressor (Newport Scientiﬁc 46-14021-2) that can achieve 207 MPa output pressure. The diaphragm design ensures that there is no contamination of the gases being pressurized,
and is safe for hydrogen operation.
Valves. There are seven high-pressure valves in the system (High Pressure Equipment Company).
All are air-actuated and are driven via compressed air solenoids controlled by the PLC. A mix
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Figure 3. Annotated photograph of the system. The four doors are open to show the interior of the cabinet. The control
computer and the large gas cylinder are not shown.

of normally open (NO) and normally closed (NC) valves are used, so that the system fails into a
completely depressurized state on loss of air pressure.
Gas cylinders. There are two gas cylinders in the system. The large gas cylinder is normally
used as the supply of the pressurizing gas. The second is a small, lecture bottle (Linde Gas type
A01) with a working pressure of 15.2 MPa, at which pressure it holds the equivalent of 170 l of
gas at standard temperature and pressure (STP). The large gas cylinder is used only to ﬁll the
lecture bottle, either directly if the pressure in the large cylinder is >13.8 MPa or with the aid of
the Newport compressor if the pressure is less than this. The high-pressure vessel is only loaded
from the small lecture bottle, to limit the total volume of gas that can be pressurized to 200 MPa.
This protects against excess stored energy in the system if users forget to load the cell clamp,
DAC, or other components in the pressure vessel.
Burst disks. There are two burst disks in the system, which prevent over-pressurizing the lowpressure system and high-pressure system. The low-pressure system burst disk is rated at 17.2 MPa.
The high-pressure system burst disk is rated at 207 MPa.
Pressure transducers. There are two pressure transducers in the system to measure the pressure
in the low-pressure system and the high-pressure system. The transducers produce a 0–5 V output
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over their full-scale pressure range. The low-pressure transducer (GP:50 Model 211-C-RT-7FM) has a full-scale pressure range of 20.6 MPa. The high-pressure transducer (GP:50 Model
212-C-UC-AA) has a full-scale pressure range of 200 MPa.
Pressure meters. Each of the pressure transducers is connected to a digital panel meter (Omega
DP41-S-S2AR). Each meter provides a digital panel display in pounds per square inch (PSI),
3 setpoint outputs that are connected to the PLC control system, and an RS-232 output that is
connected to the control computer to read the actual pressure.
Vacuum pump and gauges. The entire system can be evacuated with a combination dry-roughing
and turbomolecular vacuum pump (Alcatel Drytel 1025). This pump can achieve 10−6 torr. The
pump is equipped with a combination Pirani and cold-cathode vacuum gauge (Alcatel ACC 1009)
that can read from 1 atm to 10−9 torr. The gauge has an RS-232 interface to the control computer.
Optical system. There is a long-working distance objective, coaxial illuminator, and video
camera system for observing the diamond cell through the optical window in the upper cloverleaf.
Ruby ﬂuorescence system. An online ruby ﬂuorescence system provides pressure measurement
through the optical window in the upper cloverleaf end plug. The system consists of a Class IIIb
green laser, a high resolution compact spectrometer, optical components (mirrors, splitters, lenses,
etc.), a video camera, and a positioning system. This system is described in more detail below.
Control computer. There is a control computer running Microsoft Windows, which is the primary
user interface to the gas-loading system. It displays the pressure in the low and high-pressure
systems, the status of the compressor, and the status of all valves, sample image (picture-inpicture mode on a wide screen monitor), and ruby ﬂuorescence system control. Users normally
open and close the valves and operate the compressor though this computer, which sends requests
to the PLC. The PLC is responsible for executing the operations if it is safe to do so. The control
computer also operates the stepper motors to drive the cell closure mechanism and to position the
laser optics. The control software is based on the EPICS control system, and the control screen
for the system is shown in Figure 4. The only connection from the control computer to the system
cabinet is an Ethernet cable. This would allow the control computer to be located remotely from
the system if desired, for example, if the cabinet were to be in a separate room with no personnel
access allowed during high-pressure loading.
Motor controller and driver. The diamond cell is closed via stepper motor driven rotary
feedthroughs into the pressure vessel. A 4-channel stepper motor controller (ACS MCB-4B)
is used to control and drive these motors and those for the visible light optics positioning. The
controller is run by the control computer over an RS-232 connection.
Ethernet to serial converter. There are four RS-232 serial devices in the system: Omega pressure
meters (two), vacuum gauge, and motor controller. A 4-port Ethernet to serial server (Moxa NPort
5410) is used to provide these serial ports.
Cabinet. The entire system except the control computer is mounted in a sturdy cabinet (from
Item North America). The cabinet is shown in the photograph in Figure 3. The bottom level of
the cabinet houses the compressor, vacuum pump, and valves. The upper left houses the lecture
bottle, pressure vessel, and optical viewing system. The upper right side contains the controls and
displays for the pressure gauges, vacuum gauge, and PLC. In the current design, there is electrical
equipment in the same cabinet as the pressure vessel. In a future design for hydrogen operation, the
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Figure 4. Computer control screen for controlling the system. The control system is based on EPICS running on the
Microsoft Windows computer. It communicates with the Koyo PLC to receive status information and send requests to
operate valves. RS-232 interfaces provide the pressure and vacuum information, and control the stepping motors to close
the cell.

vacuum pump and all electronics could be mounted in a separate cabinet. The only connections to
the gas-loading cabinet would be compressed air, vacuum, and the pressure transducer excitation
and readout voltages.
The parts of the cabinet that contain high-pressure components (vessel, compressor, tubing,
valves) are lined with 19 mm plywood panels. The part of the cabinet containing the pressure vessel
has an additional shielding layer of 8 mm aluminum plate. This shielding is sufﬁcient to protect the
operators from plausible accidents, such as failure of a pressure ﬁtting, breakage of the sapphire
window, or ejection of a rotary feedthrough. The upper and lower cabinet doors have a sturdy
latching mechanism, and the cabinet itself is of a strong aluminum frame construction. There are
switches to sense that the enclosure doors are shut, and the safety system will not allow the highpressure system to be pressurized when the doors are open. The upper left is also a laser enclosure
for the ruby ﬂuorescence system, and the doors must be closed before users can operate the laser.
2.3.

Safety features

The primary hazard of any gas-loading system is the stored energy from the high-pressure gas. This
hazard is minimized by keeping the total volume of the high-pressure gas as small as possible.
The hazard is also mitigated through a set of engineered controls.
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Lecture bottle
The stored energy in the system is controlled by the amount of gas that is compressed. The stored
energy in the system is reduced by minimizing the empty volume (void spaces) in the high-pressure
system. We have designed the diamond cell clamping device to minimize the amount of empty
space. However, it is possible that an operator could forget to install one or more components
in the pressure vessel (e.g. the diamond anvil cell or the clamping device), resulting in a much
larger empty volume than normal. If the system were then pressurized from a large gas cylinder,
the total amount of stored energy in the system would be much larger than desired. In order to
protect against this, we have designed our system so that the high-pressure system can only by
ﬁlled using a small ‘lecture bottle’ gas cylinder. With this protection, the total amount of gas that
can be compressed to 200 MPa is small. If the user forgets to install space-ﬁlling components,
then the compressor will simply empty the lecture bottle before the system reaches high pressure.
The amount of gas (at STP) in a standard size gas cylinder (e.g. Linde 044) at the standard ﬁll
pressure of 15 MPa is ∼6500 l. The amount of gas in a lecture bottle at 15 MPa (Linde size A01)
is 170 l. We operate the lecture bottle at 13.8 MPa, so the gas volume is 155 l. We estimate the
empty space in the system (pressure vessel, tubing, and valves) to be 60 cm3 . Assuming the ideal
gas law is obeyed, the volume of gas required to reach 200 MPa from 0.1 MPa (room pressure) is
60 cm3 × 2000 = 120 l. Thus, the lecture bottle with 155 l contains just over the amount of gas
required to pressurize the system to 200 MPa. It is not possible to run the compressor with inlet
pressure much less than 1.4 MPa, so this reserve capacity is needed.
Burst disks
The maximum allowed pressure in the low-pressure system is limited by the rating of the lecture bottle, which is 15.2 MPa working pressure, 25.5 MPa test pressure. The system contains a
17.2 MPa burst disk on the low-pressure system. This burst disk is connected to the system vent
line and will vent the low-pressure system in the case of a malfunction that results in more than
17.2 MPa. The burst disk itself is a backup system. The primary protection is the low-pressure
transducer, which is connected to an Omega meter with a low-pressure setpoint at 13.8 MPa. If
the pressure exceeds this setpoint, then the PLC will open the low-pressure vent valve, V4.
The maximum allowed pressure in the high-pressure system is limited by the rating of the
pressure vessel, which is 206.8 MPa. The system contains a 206.8 MPa burst disk on the highpressure system. This burst disk is connected to the system vent line and will vent the high-pressure
system in the case of a malfunction that results in >206.8 MPa. The burst disk is again a backup
system. The primary protection is the high-pressure transducer, which is connected to an Omega
meter with a high-pressure setpoint at 200 MPa. If the pressure exceeds this setpoint, then the
PLC will open the high-pressure vent valve, V6.
Interlocks
The operation of the system is controlled via the PLC. All of the valves are air-operated, as is
the compressor and the pneumatic cylinders that raise and lower the bottom plug of the pressure
vessel. The PLC also implements the interlocks for the Class IIIb laser. Requests to the PLC to
operate the valves and other components are made via the Optimate panel buttons mounted on
the front of the cabinet or via the EPICS MEDM (Motif Editor and Display Manager) display on
the control computer. The control computer communicates with the PLC via the Modbus protocol
over Ethernet. The PLC will perform the requested action only if it is safe to do so. The actual
state of the valves and other components is displayed on the Optimate panel and on the EPICS
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MEDM display. The system will fail into a safe state, with the low-pressure and high-pressure
systems vented and the compressor turned off, on failure of either electrical power or air pressure.
This is achieved by using the correct combination of NO and NC closed high-pressure valves.
The PLC is programmed using ladder logic to implement the following interlock rules:
(1) If the Emergency Stop button is pressed, then put the system in a safe state, venting both the
low-pressure and high-pressure systems. Close V1, open V2, close V3, open V4, open V5,
open V6, close V7, turn off the compressor, and disable the laser.
(2) If the low-pressure system is above setpoint 3 on the low-pressure meter (13.8 MPa), then
vent the low-pressure system. Open V4, close V1, close V3, and turn off the compressor.
This is an emergency vent that should activate before the low-pressure burst disk fails.
(3) If the high-pressure system is above setpoint 3 on the high-pressure meter (200 MPa), then
vent the high-pressure system and open V6. This is an emergency vent that should activate
before the high-pressure burst disk fails.
(4) If the enclosure doors are not shut, then vent the high-pressure system (open V6). This
protects personnel from being exposed to any components that are at pressures >13.8 MPa.
(5) If the lower plug of the pressure vessel is not in the closed position, then vent the highpressure system. This prevents pressurizing the pressure vessel when the plug is not in the
correct position.
(6) If both V3 and V5 are closed, then turn off the compressor. This prevents pressurizing the
tubing between these valves, which would not be protected by a burst disk if both valves
were closed.
(7) If the high-pressure system is above setpoint 2 on the high-pressure meter (normally
193 MPa), then turn off the compressor. This prevents over-pressurizing the high-pressure
system without venting it.
(8) If the low-pressure system is above setpoint 2 on the low-pressure meter (normally 13.1 MPa)
and V3 is open (so we are pressurizing the low-pressure system), then turn off the compressor.
This prevents over-pressurizing the low-pressure system without venting it.
(9) If V6 is closed, then close V1. This rule has two effects:
(a) Prevent pressurizing gas from the large gas cylinder directly into the pressure vessel.
Only the lecture bottle can be the gas source for the pressure vessel.
(b) Prevent reﬁlling the lecture bottle if the high-pressure system is already pressurized.
(10) If the enclosure doors are open and the laser switch is not in Expert Mode (for alignment),
then disable the laser. This prevents laser light from escaping from the enclosure.
(11) If the high-pressure system is above setpoint 1 of the high-pressure meter (normally 0.2 MPa),
then close V7. This protects the vacuum pump from damaging high pressure.

3.
3.1.

Stored energy analysis
Stored energy

The ideal gas law can be written as PV = nRT, where P denotes pressure, V , volume, n, number
of moles of gas, R, gas constant (8.314 m3 Pa K−1 mol−1 = 8.314 J K−1 mol−1 ), and T , absolute
temperature. At room pressure and 298 K the volume of a mol of an ideal gas is thus
V =

8.314 m3 Pa K −1 mol−1 × 298 K × 1 mol
nRT
=
= 24.45 l.
P
101, 325 Pa

The ideal gas law predicts that pressure and volume are inversely proportional. At low pressure,
nearly all gases follow the ideal gas law. At high pressure, real gases deviate from the ideal gas law
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because the size occupied by the molecules themselves becomes comparable to the total volume
occupied by the gases. Assuming ideal gas behavior will overestimate the stored energy in the
system.
The energy of a material as pressure is increased at constant temperature is
 p2
E2 = E1 +
V dP
p1

For an ideal gas, this becomes



p2
E2 = E1 + nRT ln
p1



The increase in energy as the pressure of 1 mol of gas is increased from 0.1 to 200 MPa at 298 K
is thus


200
E2 − E1 = 1 × 8.314 × 298 × ln
= 18.8 kJ.
0.1
The volume of the lecture bottle is 155 l, which is thus 155/24.45 = 6.3 mol. The stored energy
in our system when it is pressurized to its maximum pressure is thus 18.8 kJ × 6.3 = 118 kJ. This
energy can be compared with the muzzle energy of a 7.6 mm riﬂe bullet, which is about 3.5 kJ.
So the stored energy is about 34 times greater than that of a riﬂe bullet. The energy can also be
compared with that of a stick of dynamite, which is about 2500 kJ. So the stored energy is less than
that in 1/20 of a stick of dynamite. Another comparison is with the stored energy in a standard
gas cylinder, which contains about 6500 l of gas (at STP) at a pressure of 15 MPa. This is thus
266 mol of an ideal gas.
The energy content of the cylinder is thus


15
= 3.30 MJ.
E2 − E1 = 266 × 8.314 × 298 × ln
0.1
The stored energy of a standard gas cylinder is thus 28 times larger than the stored energy in
our high-pressure system. The conclusion is that the stored energy is large enough to propel
fragments with high velocity if there were to be a failure of a high-pressure ﬁtting. We have
placed the apparatus in a cabinet to shield against such hazards in the unlikely event of a failure.
However, the energy is small when compared with that of standard compressed gas cylinders
which are in routine use.
3.2. Failure analysis
3.2.1. Velocity and energy of worst-case projectile
If a part of the pressure vessel or other high-pressure component were to fail, it would cause
one or more projectiles to be propelled at high speed. Here we consider what we believe to be a
worst-case plausible scenario for such a failure. The velocity that a component would obtain is
proportional to the force acting on it and the length of time that the force is applied. Components
that are ‘constrained’by being inside a tube (like the barrel of a gun) are accelerated for longer time
before the gas can escape past them. In our system, the rotary feedthrough rods on the bottom plug
of the vessel are the pieces that are most constrained in this manner, and hence are the ‘worst-case’
failure points.
These feedthrough rods have the following properties: material, stainless steel; length, 0.213 m;
diameter, 0.00476 m; cross-section area, 1.78 × 10−5 m2 ; volume, 3.79 × 10−6 m3 = 3.79 cm3 ;
density, 8000 kg/m3 ; mass, 0.0303 kg.
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The length of the hole in the pressure vessel plug is 0.173 m. If the rod were suddenly to lose
all of the conﬁning force which holds it in place, and has zero friction against being expelled
from the vessel, it would accelerate for the time it takes to travel out of the pressure vessel plug,
a distance of 0.173 m. The force acting on the rod is pressure times area. The maximum pressure
is 200 MPa, or 2 × 108 Pa = 2 × 108 kg m−1 s−2 . Multiplying by the cross-sectional area of the
rod yields the force
2 × 108 kg m−1 s−2 × 1.78 × 10−5 m2 = 3.56 × 103 kg m s−2 .
We assume that the force is constant during this acceleration, because the increase in the volume
of the gas (about 3.8 cm3 ) as it ejects the rod is small when compared with the total gas volume
estimated previously (60 cm3 ). The acceleration will be force divided by mass:
3.56 × 103 kg m s−2
= 1.17 × 105 m s−2 .
0.0303 kg
The distance traveled in a given time at constant acceleration is d = a × t 2 /2, and the velocity as
a function of time is v = at. Eliminating time (t) and solving for v yields
v=

√

2da =

√

(2 × 0.173 m × 1.17 × 105 m s−2 ) = 201 m/s.

This predicts a velocity of 201 m/s, which is about three to ﬁve times less than the velocity of a
riﬂe bullet.
The kinetic energy is
1
1 2
mv = × 0.0303 kg(201 m/s)2 = 612 J.
2
2
This is about six to eight times less than a riﬂe bullet.
3.2.2.

Penetration depth of projectile in aluminum

Given this analysis of velocity and kinetic energy, it is possible to estimate the penetration depth in
the 8 mm aluminum shielding plates that line the cabinet around the pressure vessel. Tanaka et al.
[28] measured penetration depths and crater volumes for steel projectiles impacting aluminum
plates at projectile velocities from 500 to 1800 m/s. This is two and a half to nine times greater
than the velocity estimated above. They give their results in terms of the normalized properties:
d = diameter of equivalent sphere for same mass as the projectile; Pn = P /d (normalized penetration depth, P = actual penetration depth); Vn = V /cL (normalized impact velocity, V = actual
velocity, cL = longitudinal sound speed of aluminum target = 6100 m/s).
For our system, we determine the normalized projectile diameter from the known volume of
the rod (3.79 cm3 ). The equivalent diameter is thus 1.94 cm. The normalized impact velocity is
Vn =

201 m/s
= 0.033
6100 m/s

Using Equation (4) from [28]
Pn = 27.3 × Vn1.58 = 27.3(0.033)1.58 = 0.125.
Thus, their results predict a normalized penetration depth of 0.125. Multiplying by the equivalent
projectile diameter (1.94 cm) yields 0.24 cm predicted penetration depth, or 2.4 mm. Since the
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actual thickness of the aluminum shielding on our enclosure is 8 mm, we conclude that this is
sufﬁcient to stop the worst-case projectile. This analysis is conservative, since it neglects the
additional shielding provided by the 19 mm of plywood on the top of aluminum. Note that we
have not considered the sudden rupture of the entire pressure vessel or the ejection of an end-plug,
because we believe the engineering design of the vessel is sufﬁciently conservative to make sure
a failure extremely unlikely.
3.2.3.

Other safety issues

We have also calculated the effect of a sudden venting of the lecture bottle inside the cabinet.
This would result in overpressure of 45% above ambient. The door latches and hinges are strong
enough to withstand the resulting force on the cabinet panels. We have also calculated that if the
door were struck by the worst-case projectile and the latches failed, the door velocity would be
about 0.3 m/s, which is slow enough to present no hazard.

4.

Ruby ﬂuorescence system

The main advantage of the GSECARS gas-loading system compared with other available gasloading systems is the ability to directly observe the sample while sealing the DAC and to monitor
the pressure in situ by measuring the wavelength shift of the luminescence line from tiny ruby
balls (Al2 O3 doped with Cr) placed in the pressure chamber of the DAC [7].
The schematic illustration of the optical system for sample imaging and laser-induced luminescence measurements is shown in Figure 5. The 532 nm diode-pumped laser (DL) beam reduced to
∼1 mm in diameter with aperture (A1) is guided to the sample position (D) with mirrors (M). The
dichroic mirror (DM) is used to separate the laser light and the visible radiation coming from the
sample for spectroscopic luminescence pressure measurements and sample imaging. A Mitutoyo

Figure 5. Schematic layout of the ruby ﬂuorescence system optics for in situ video observation and pressure measurements in the gas-loading system. Main components: (DL) diode-pumped solid state 532 nm laser with adjustable power up
to 100 mW (Lasermate); (S) high resolution spectrometer with direct-attached collimating lens (HR2000, Ocean Optics);
(L1, L2) achromatic doublets with 75 and 400 mm focal length, respectively (Thorlabs); (O) 2× microscope objective
with working distance 92 mm (Mitutoyo); (DM) 45 reﬂective green dichroic ﬁlter (Edmund); (IL) ﬁber illuminator with
collimating lens; (A) adjustable aperture (Thorlabs); (BS) pellicle beamsplitter, 45/55% (Thorlabs), (M) silver coated
mirrors (Thorlabs), (C) color CCD camera (Watec), (F1, F2) pneumatic driven longpass ﬁlters, cut-on wavelength 550
and 600 nm, respectively (Thorlabs), (D) diamond anvil cell position.
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Figure 6. Typical spectrum of the ruby ﬂuorescence in the DAC during gas-loading and corresponding images of the
sample chamber in the DAC (inserts) inside the pressure vessel obtained through the 25 mm thick sapphire window. A
ruby sphere is loaded in the cell along with a single-crystal sample, and the laser-induced ﬂuorescence is visible through
the color video camera in these images. The wavelength shift of the ruby ﬂuorescence is used to measure the pressure
in the DAC. (a) Before sealing the DAC with Ne gas pressure of 0.17 GPa. The clamp was then closed, increasing the
pressure to 1.7 GPa (not shown). The cell and clamp were removed from the pressure vessel and the DAC screws were
tightened. (b) The cell and clamp repositioned in the pressure vessel, pressure is now 3.25 GPa.

microscope objective (O) with magniﬁcation 2× and a relatively long working distance of 92 mm
is used for sample imaging, laser focusing, and luminescence signal collection. Parallel light after
the achromatic lens (L1, focal length of 75 mm) is directed to the high-resolution spectrometer
(S) by pellicle beam splitter (PS2). The remaining transmitted light is focused on the CCD camera
by achromatic lens (L2) with a focal length of 400 mm, providing total optical magniﬁcation onto
the CCD chip of ∼10 times. We employ a confocal conﬁguration in order to increase the spatial
resolution and to eliminate parasitic luminescence from the 25 mm thick sapphire window located
between the objective and the DAC. The variable confocal aperture (A2) placed in the focal plane
of both the objective (O) and lens (L1) allows us to collect ruby luminescence from only the
sample in the DAC. The high-resolution spectrometer (HR2000, Ocean Optics) has a holographic
grating with a groove density of 1800, which covers the spectral range from 660 to 755 nm with
an optical resolution of ∼0.1 nm. Motorized stages move the objective (O), confocal aperture
(A2), and lens (L1) simultaneously along the vertical optical axis for precise focus adjustment
without disturbing the alignment of the system. A high-performance large platform two-axis linear
stage coupled with two stepper motor actuators moves the entire optical system in the horizontal
plane to center the optics above the sample. A typical image of the laser-irradiated ruby ball
in the DAC and the corresponding luminescence spectrum recorded with our system are shown
in Figure 6.

5.

Experience to date

The system has only recently received ﬁnal safety approval for operation. We have now loaded
more than 60 cells, with nearly 100% success rate. We have loaded two types of cells. The ﬁrst
is a symmetrical design, 48 mm diameter and 36 mm tall. The other is a 3-post design (43 mm
diameter, 25 mm tall), using a simple cylindrical holder that ﬁts inside the standard clamp shown
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in Figure 2. The cells have been loaded with He or Ne at pressures of 15.8–17.9 MPa. The ability
to measure the pressure as the stepper motors are driven to close the cell clamp has proved to be
invaluable. The system does not need to be calibrated at all in order to close the cell and reach a
desired pressure.
The basic sequence of operations to load a cell is as follows:
• The DAC is placed into the cell clamp, installing any ﬁller pieces.
• The cell clamp is placed on the top of the bottom plug, aligning the hex socket screws to the
rotary hex ends of the feedthroughs.
• The bottom plug and cell holder are raised in the pressure vessel by pressing the Cell Up
button on the Optimate panel, raising the bottom plug with the air cylinders. Once the bottom
plug is fully up, it is rotated 45◦ to the right to lock it into position and seal the O-ring seal.
An interlocked pin is installed to ensure that the bottom plug is in the correct position and to
prevent it from rotating.
• The doors to the enclosure are closed and the EPICS control screen is then used to close V6
and V7 and open V2, V3, and V5. This ﬁlls the pressure vessel from the lecture bottle. V3 is
closed so that the compressor can pump the high-pressure system.
• The target working pressure for the high-pressure system is set to the desired value, up to a
maximum of 29,000 PSI (200 MPa), and the compressor is started. It requires about 10 min for
the compressor to pressurize the vessel to 180 MPa.
• Once the cell is pressurized, it is closed and sealed by rotating the stepper motors to drive the
rotary feedthoughs clockwise, closing the cell clamp. The video system and ruby ﬂuorescence
systems are used to determine when the cell has sealed and reached the desired pressure.
• Once the cell has been closed and sealed, the pressure vessel is vented, optionally recapturing
the gas into the lecture bottle.
• The DAC and clamp are removed from the vessel by lowering the bottom plug. The screws on
the diamond cell itself are then tightened, using an Allen wrench that passes through access
holes in the top of the cell clamp. Once these screws are tightened, the clamp and DAC are put
back into the pressure vessel at room pressure, and the ruby luminescence system is used to
verify that the pressure is now higher than it was with the clamp alone. If it is, then the operator
can be sure that the DAC screws are now providing the conﬁning pressure, and the cell clamp
can be loosened and removed.

6. Application to equation-of-state studies
Equations of state relate thermodynamic system variables, principally pressure, volume, and temperature. Among many current problems in Earth and planetary science, solid-state chemistry,
materials science, and condensed matter physics, there is a need for hydrostatic, or quasihydrostatic, compression of materials to a very high density. Isothermal equations of state are
used as secondary pressure scales across the high-pressure sciences. Magnesium oxide (MgO)
is stable to multi-megabar pressures with a B1 (NaCl) structure [8] and is among the most
widely studied solid materials both as a pressure standard [9–11] and for testing new experimental methods and procedures [12–15], including ﬁrst-principle calculations [16]. Here, we present
preliminary X-ray diffraction data of single-crystal MgO to 110 GPa, about twice the pressure of
previous compression studies carried out with helium pressure-transmitting media [9,10]. Detailed
equation-of-state analysis will be presented elsewhere. Sample preparation and other experimental details are provided, including a comparison with non-hydrostatic compression of MgO in a
solid KCl pressure medium.
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Sample preparation

Single-crystal samples are often preferred for X-ray studies of diffracted intensities for structure
reﬁnements [17] as well as for equation-of-state studies because sharper peak widths and the
greater number of reﬂections improve the precision of volume determinations [18]. Single-crystal
samples 10–15 μm across and <10 μm thick are required for diamond-cell studies to Mbar pressures. Although crushing samples can produce fragments of suitable size, damage from crushing
becomes obvious in single-crystal diffraction patterns, especially for materials such as MgO.
Therefore, polishing is the preferred method of sample preparation.
In the current study, single-crystal MgO [1 0 0]-substrates measuring 10 × 10 × 0.5 mm were
obtained commercially from MTI Corporation with >99.95% purity and sharp X-ray rocking
curves. The 1 cm2 platelet was ground from 0.5 mm thickness to ∼0.1 mm thickness using 3MTM
WetordryTM Tri-M-iteTM SiC paper with 600 ANSI grit (P1200 European grit). Subsequent polishing of the 10 × 10 mm plate to 50 μm thickness was carried out using a diamond-impregnated
3MTM lapping ﬁlm, progressively from 9 to 3 μm, and ﬁnishing with 0.5 μm. The diamond ﬁlm is
stationary and set with a thin layer of water onto a thick glass plate of very high ﬂatness while the
sample is polished by hand. Samples are glued to frosted-glass petrographic slides, measuring 27 ×
46 × 1.2 mm from Ward’s Natural Science. We have found Loctite® 495 instant adhesive to be the
best for holding samples to the slide in very-thin polishing applications. After polishing to 50 μm
thickness, the sample becomes easy to cleave using a razor blade without signiﬁcant damage.
Cleavage fragments with lateral dimensions of 1 mm (maximum) or less are glued and polished
to about 20 μm thickness using a 3-μm diamond ﬁlm with water lubricant. We ﬁrst place the crystals on the slide, and let Loctite® 495 run underneath the sample from the sides, forming a very thin
bond between the frosted slide and the sample. Finally, a 3 μm or a 0.5 μm diamond ﬁlm is used
until the sample and glue are visibly about to peel away from the glass slide. Using the Loctite-495
adhesive and frosted slides, we have been able to polish MgO crystals μm down to 5–8 thick.
For helium loading, the diamond-cell gasket must have initial thickness and hole-diameter
suitable to accommodate the high compressibility of helium [19]. In this experiment, a symmetrical
piston—cylinder style diamond cell was used with beveled anvils having 100 μm inner and 300 μm
outer culet diameters. Rhenium gaskets were prepared by pre-indenting with rubies and monitoring
the ﬂuorescence pressure to about 28 GPa. For this culet size, the initial gasket thickness was 25–
30 μm. An EDM drill ﬁtted with a stainless-steel acupuncture needle tool was used to erode the
initial hole diameter of about 80 μm, illustrated by the white ring in Figure 7.

Figure 7. View into the diamond-anvil cell with single-crystal MgO after loading with helium at 160 MPa. The beveled
anvils have 100-μm inner culet and 300-μm outer culet. The initial hole diameter, about 80 μm (white ring shown in the
left panel), was reduced by about 40% on compression to 4.3 GPa. Subsequent compression to 110 GPa (right panel) did
not change the hole diameter further by more than 10–15%. Gasket material is Re with initial thickness of 25–30 μm.
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Gas loading

The MgO was loaded and sealed at about 160 MPa of He pressure using the gas-loading system.
After compressing to 4.3 GPa, the hole diameter was reduced to about 40–50 μm diameter, shown
in Figure 7. Thus, for a 25–30 μm initial gasket thickness and 100/300-μm inner/outer culet
anvils, ∼40% shrinkage can be expected for helium loading at 160 MPa. The right panel of
Figure 7 shows the sample chamber at 110 GPa. Thus, there was no signiﬁcant shrinkage of the hole
diameter after ∼5 GPa, and eventually the hole diameter enlarged slightly above about 90 GPa.
Ultimately, a crack formed within the diamond at 115–120 GPa and the pressure immediately
dropped back to about 90 GPa.
6.3.

Data collection

Synchrotron X-ray diffraction data were collected on the 13-BMD beamline of GSECARS at the
APS. A monochromatic X-ray beam with wavelength λ = 0.2755 Å (∼45 keV) was focused to
about 5 × 13 μm spot size and used to obtain diffraction images from separate crystals, including
MgO, in the diamond cell shown in Figure 7. Diffraction patterns were recorded on an MAR345

Figure 8. Diffraction patterns from single-crystal MgO in helium at 40 (top panel) and 110 GPa (lower panel) with
monochromatic synchrotron X-radiation at 45 keV. The pattern is integrated over a ±7◦ oscillation in omega. Some
diffraction rings from the rhenium gasket are also visible. Sharp diffraction spots measuring less than 0.06 degrees-2θ
(FWHM) were maintained to the highest pressure.
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image plate placed 450 mm from the sample. The diamond cell was ﬁtted with cubic BN seat on
the downstream side to widen the accessible angular aperture of the cell, which oscillated ±7◦
from the zero-omega position at a rate of about 0.25◦ s−1 (60 s exposure). The geometry of the
image plate was calibrated with a CeO2 standard.
6.4. Experimental results
Diffraction patterns from the MgO crystal compressed in helium at 40 and 110 GPa are shown in
Figure 8. Two classes of reﬂections were observed (h00 and hk0), resulting in eight reﬂection positions for cell-parameter ﬁtting. Volumes were calculated using the UnitCell program of Holland
and Redfern [20], a non-linear least-squares reﬁnement program with regression diagnostics.
In order to demonstrate the difference between quasi-hydrostatic and non-hydrostatic conditions, we also obtained diffraction patterns of single-crystal MgO loaded in a solid KCl pressure
medium, using otherwise the exact same procedure. Figure 9 shows diffraction patterns from
MgO compressed in KCl at 7.4 and 80 GPa, illustrating how line broadening in 2θ, but especially
in χ and ω (not shown), would adversely affect peak positioning, and therefore the precision of
equation-of-state studies.

Figure 9. Diffraction patterns from single-crystal MgO in a non-hydrostatic KCl pressure medium helium at 7.4 (top
panel) and 80 GPa (lower panel) with monochromatic synchrotron X-radiation at 45 keV. The pattern is integrated over
a ±10◦ oscillation in omega. Some diffraction rings from the KCl pressure medium are also visible. Broadening of the
diffraction spots in χ and ω (out of plane, not shown) is indicative of high stress conditions.
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Figure 10. Static compression of single-crystal MgO in helium (ﬁlled circles) and in a non-hydrostatic KCl pressure
medium (open circles). A third-order Birch–Murnaghan equation-of-state was ﬁtted to the non-hydrostatic compression
data using the non-hydrostatic ruby pressure gauge [24], shown by the short-dashed line, which is in good agreement with
previous equations of state for MgO [10,11]. Two different quasi-hydrostatic ruby pressure gauges were used to evaluate
the helium compression data, shown by the long-dashed line [25] and the solid line with plus symbols [26]. Discrepancies
between these quasi-hydrostatic equations of state emphasize the need to evaluate ruby-ﬂuorescence pressure gauges for
helium media in the 50–100 GPa range [26–28].

The new compression data and ﬁtted equations of state from the quasi-hydrostatic (helium)
and non-hydrostatic (KCl) compression studies of MgO are shown in Figure 10. Because ruby
spectra from the six highest pressures (>85 GPa) were not as reliable as lower pressures,
diamond-Raman pressures [21] are plotted and those points are excluded in the following preliminary equation-of-state analysis. Fitting a third-order Birch–Murnaghan equation of state
[22] to the non-hydrostatic (KCl medium) data yields KT0 = 164.1(9) GPa for the isothermal bulk modulus (KT0 ), and K  = 4.05(4) for the pressure derivative of the bulk modulus
(K  = dKT /dP) using the non-hydrostatic ruby-ﬂuorescence pressure scale of Mao et al. [23].
However, equation of state ﬁtting to the MgO volumes obtained in helium (ﬁlled symbols
in Figure 10) yields KT0 = 159.6(6) GPa and K  = 3.74(3) using the quasi-hydrostatic ruby
pressure gauge of Mao et al. (1986) [24]. The difference in these two equations of state translates roughly to a difference in calculated pressure from the MgO volume of about 8 GPa at
100 GPa. Because the quasi-hydrostatic ruby pressure gauge [24] was calibrated using equations of state for Cu compressed in an Ar pressure medium, it is possible that a revised ruby
pressure gauge is required for the softer helium medium in the 50–100 GPa pressure range
[25,26]. Using the ruby calibration for helium from Chijioke et al. [25] with our most reliable
ruby spectra (excluding the six highest pressures shown in Figure 10), we obtain equationof-state parameters for MgO of KT0 = 154.9(6) GPa and K  = 4.22(3), shown by the solid
line in Figure 10. Because neither of the helium data sets reproduces the primary MgO pressure scale of Zha et al. [9] obtained up to 55 GPa, with KT0 = 160.2 GPa and K  = 4.03,
we will further analyze the new MgO compression data in helium with emphasis on revised
ruby-pressure calibrations for helium pressure media in the 50–100 GPa range in a forthcoming
paper [27].
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Future plans

We expect to be able to accommodate several additional cell types in the next few months. With
some minor modiﬁcation to the current cell clamp, we will be able to load cells of the ETH design
(50 mm diameter, 25 mm tall). We will build a new cell clamp to load panoramic DACs, and we
are currently accepting and prioritizing requests to build cell clamps for other types of DAC.
We are upgrading the system to be able to rapidly switch between He and Ne and to be able to
conveniently use other gases as well. We are also actively pursuing ﬁnding a vendor who can
supply copies of this system commercially, since at least six other laboratories have expressed an
interest in obtaining one.
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