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Extreme pressures and high magnetic fields can affect materials in profound and fascinating ways. However, large

pressures and fields are often mutually incompatible; the rapidly changing fields provided by pulsed magnets induce

eddy currents in the metallic components used in conventional pressure cells, causing serious heating, forces, and

vibration. Here we report a diamond-anvil-cell made mainly out of insulating composites that minimizes inductive

heating while retaining sufficient strength to apply pressures of up to 8 GPa. Any residual metallic components are

made of low-conductivity metals and patterned to reduce eddy currents. The simple design enables rapid sample or

pressure changes, desired by pulsed-magnetic-field-facility users. The pressure cell has been used in pulsed magnetic

fields of up to 65 T with no noticeable heating at cryogenic temperatures. Several measurement techniques are possible

inside the cell at temperatures as low as 500 mK.

I. BACKGROUND

Studies of electronic and magnetic materials under ex-

treme conditions such as high pressure (P), high magnetic

field (B), and low temperature, have provided great insights

into the quantum-mechanical mechanisms that determine their

key properties1–8. The combination of pressure and mag-

netic fields has frequently been used to observe phenomena

that are unknown under ambient conditions1–3,6–8. Pressure

compresses or distorts crystalline lattices and thus varies the

overlap of the electron orbitals in a systematic and reversible

manner6,7,9,10. If the pressure is truly hydrostatic, it changes

physical properties whilst preserving crystal symmetry4,7,8,10;

in contrast to when alloying is used to the same end, lit-

tle disorder is introduced. Examples of effects observed

and characterized using a combination of high pressures and

magnetic fields include systematic changes in band structure

in low-carrier-density systems6,7,10, the creation of phases

such as novel superconducting states1–3,6, and tuning towards

quantum-critical points5,10. Therefore techniques for applying

pressure in the highest possible nondestructive pulsed mag-

netic fields (∼ 100 T) are highly desirable1.

Measurements up to several GPa are usually performed in

bulky metallic pressure cells which rely on the high tensile

strength of nonmagnetic steel or copper-beryllium alloys9.

However, combining such cells with pulsed magnetic fields

presents insurmountable challenges. First, in such magnets,

the large values of dB/dt ∼ 10 kT/s11,12 will induce substan-

tial eddy currents in any metallic cell components, leading to

heating, mechanical forces and vibrations. Second, in order to

maximize the field whilst remaining below the tensile strength

of available coil materials, the inner diameter of the pulsed

magnet coil is kept very small11,12. Only a few groups around

the world have attempted to tackle these issues and have made

pressure cells for pulsed magnets3,13–17.

Nardone et al.13 built a pressure cell for a long-pulse mag-

net with a peak field of 33 T and pulse duration ∼ 1 s. The

a)Electronic mail: ustsundan@gmail.com

cell has commercial yttria-doped zirconia anvils and the body

is made of TA6V, a Titanium Alloy. Pressures as high as 1 GPa

were reported. The outer diameter of the cell is 18 mm, which

exceeds the 15 mm and 10 mm bore sizes of the 65 T and

100 T magnets, respectively, available at Los Alamos18. Ow-

ing to the use of metallic materials, the long field pulse causes

a 0.05 K increase in temperature at 1.8 K. However, dB/dt

for the Los Alamos pulsed magnets is a factor ∼ 10 greater

than that of the magnet in Ref.13, so that the heating would be

∼ 100× larger.

Graf et al. designed a turnbuckle pressure cell for use in

pulsed fields14. The cell’s reported pressure limit is 11.5 GPa

using anvils with 0.54 mm culets19. Cell dimensions permit it

to be rotated inside a pulsed magnet. The cell is completely

non-metallic. The gaskets are made from a heavily loaded

diamond-epoxy mix and reinforced with Zylon HM fiber. The

cell body is made from Parmax 1200, which has high ten-

sile strength (203 MPa) and compressive strength (351 MPa).

Unfortunately, the manufacture of Parmax 1200 has ceased;

worse, it is not compatible with solvents and glues that are

frequently used in the laboratory. Moreover, the turnbuckle

design of the cell causes the anvils to move by twice the dis-

placement of the screw thread, making the fine control of pres-

sure difficult14.

Wang et al.15 followed the turnbuckle design and employed

carbon-fibre-reinforced polyether ether ketone (PEEK - also

known as 90HMF40) as the body material. With 0.8 mm

culets, the cell can generate a pressure of 5.6 GPa, with the

maximum value limited by the plastic deformation of the end

nuts. The cell was redesigned using custom-fabricated dia-

monds as the anvils; however, the modified cell is too large to

rotate inside the pulsed-field sample space.

Miyake et al.16 used polybenzimidazole (PBI) to make a

cell for a pulsed magnet at the Institute for Solid State Physics

(University of Tokyo). The cell is much larger than the

previous examples discussed (outer diameter 20 mm, length

30 mm) and it utilizes stainless-steel gaskets. In a test at low

temperature, hysteresis between measurements on the up- and

downsweeps of the pulsed field was unnoticeable. However,

the material used for the test has only a small temperature

dependence below 20 K, so that the true heating effect is un-

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
25

55
7



2

known.

Braithwaite et al.17 designed a pressure cell for resistivity

measurements in a 60 T pulsed magnet which reaches a pres-

sure of 4 GPa. The sample space of the gasket has a diameter

of 1.2 mm, big enough to hold two four-wire experiments.

However, with an outer diameter of 15 mm, the cell is too

big for the sample space available in the Los Alamos pulsed

magnets18. The cell body is made of MP35N alloy. The tem-

perature increase at 1.5 K is less than 1 K in a dB/dt ∼ 5− 6

times smaller than in our magnets; heating could therefore be

an issue in the Los Alamos pulsed magnets. A slightly larger

metallic DAC cell was employed in pulsed field photolumi-

nescence studies up to 10 GPa, although sample heating by

eddy currents was not investigated20,21.

A miniature all-metal diamond anvil pressure cell was em-

ployed in our 65 T pulsed magnets to investigate a high-Tc hy-

dride superconductor at 160 GPa3. The cell is made of CuTi

alloy and has an outer diameter of 8.8 mm. The cell heated

by 5 K from an initial 200 K after the field pulse; even larger

increases were observed at lower temperatures. Below 50 K

the cell heats up during the magnet pulse, making the sample

temperature as a function of field uncertain.

II. PRESSURE-CELL DESIGN

To satisfy the demanding requirements of the pulsed-field

environment, the cell must be small, strong, and present a min-

imal cross-sectional area of metal to the field. To address these

challenges, we chose a composite design with non-metallic

seats for the diamond anvils and non-metallic gaskets to avoid

dB/dt-induced eddy-current heating. However, to avoid is-

sues related to the limited strength of plastic threads, the anvils

are compressed together via thin metal rods made from a high-

strength titanium alloy; this has the advantage of a relatively

high resistivity. The design reaches a pressure ≈ 8 GPa on a

0.8 mm diameter culet. With an outer diameter of 9.2 mm and

a length of 26 mm, the cell fits in the double wall 3He fridges

commonly used in Los Alamos.

A. Anvil seats

The anvil seats are designed to ensure a quick turn-around

rate, desirable for pulsed-field-facility users with limited time

on-site. The cell uses G11 fiberglass as the anvil-seat mate-

rial, as shown in Fig. 1. This reinforced fiberglass is one of

the strongest readily available plastic materials, and is easy to

machine.

There are four guide holes for the screws in the seats. The

screws are made to slip-fit in elongated holes, with only a

short threaded part at the end to serve as both the alignment

and the tightening mechanism. To ensure good alignment

of the anvils, the seats’ working surfaces are precisely ma-

chined perpendicular to the alignment screws. The diamonds

are fixed to the cell body with Stycast 2850, for easy assem-

bly of the cell. One diamond is fixed to the seat first, with

a fixing jig. The other diamond is then placed between the

FIG. 1. (a) Drawing of the cell. From top to bottom, the cell consists

of an end plate without threads, one G11 anvil seat, two diamonds,

another G11 seat and another end plate with threads. All of the above

parts are aligned and locked using four screws. For clarity, the gasket

between the diamonds is not shown. (b) A photo of the pressure cell.

first diamond and the other seat, and then the cell is assem-

bled. The translational overlap of the culet is examined by

a microscope, to a precision better than 20 µm, with the un-

certainty coming from the 50 µm bevel. The parallelity of

the two culet surfaces is ensured by the precise machining

of the seat surfaces and the surfaces of the diamonds. The

good alignment of the diamonds is tested by the appearance

of Newton’s fringes22 through the center hole in the seats be-

fore and after the Stycast is cured. Fewer than 4 fringes are al-

lowed in the alignment, hence the mis-alignment angle is less

than θ ≈ 4× (500 nm/2)/800 µm ≈ 10−3 rad, where we use

500 nm as the central wavelength of visible light and 800 µm

as the diameter of the culet. To route the signal wires safely

through the restricted cryostat space, four vertical grooves are

provided on the perimeter of the seats. To ensure a large sam-

ple space for a variety of measurements, we use diamonds

with 0.8 mm culet and 3.1 mm base. However, if higher

pressures are desired and high-precision sample preparation

techniques5 are available, smaller culets can be adapted to the

pressure cell very easily by attaching diamonds with different

shapes.

B. End plates and screws

Although G11, with a compressive strength of 434 MPa23,

is one of the strongest plastic composite materials, the mate-

rial is not suitable for holding fine screw threads due to the em-

bedded glass fiber. Thus we use metal screws and end plates

with threads to provide the compressive force. The end plates

are at the ends of the cell, far away from the sample (so that

any heat induced there does not travel to the sample during

the ∼ 100 ms magnet pulse), and the screws are placed on

the edges of the cell body. The screws and fixing plates are

made of high strength and high-electrical-resistance grade 5

titanium alloy. The thickness of the G11 seats is calculated to
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FIG. 2. Modeling of the Joule heating of the end plates using COM-

SOL Multiphysics. The temperature after the pulse is represented by

the color scale and lines show the current flow. The initial tempera-

ture before the pulse is 4.2 K.

compensate for the differential thermal contraction between

Ti and G11, thus minimizing pressure drift between room and

cryogenic temperatures.

The Ti end plates, which have a large surface area perpen-

dicular to the field, have slots to reduce eddy currents. We per-

formed stress and Joule-heating evaluation of various designs

using finite-element analysis, combined with information on

the mechanical and electrical properties of several materials

to refine the design. The heating by eddy currents was mod-

eled using the COMSOL Multiphysics package. The model-

ing shows that the heating in the end plates from initial tem-

perature of 4.2 K can be significantly reduced with strategi-

cally placed slots (Fig. 2). With the slots, the simulation gives

an end-plate maximum temperature of 11.1 K after the pulse,

with an accumulated Joule heating of 2.2 mJ; with no slots,

the maximum temperature at the pulse end is 23.8 K, with

7.6 mJ accumulated energy. With coolant in the environment,

both temperature rises can be much lower than the modeled

maximum temperature.

C. Gaskets

Conventional metal gaskets should be avoided in pulsed

field at cryogenic temperatures, as they are ring-shaped and

present a large area perpendicular to the field. They there-

fore provide an ideal path for eddy currents that is in close

proximity to the sample, leading to considerable heating. By

geometry, even a gasket with only a metal outer rim will have

a large cross-section and will heat up the sample. Instead, we

use a non-metallic compound gasket24. The compound gas-

kets consist of an inner disk made of Boron powder mixed

with epoxy and an outer ring made of Kapton. The diame-

ter of the Boron part is 1 mm, a little bigger than the culet of

the diamond, so that the diamonds press on the boron but the

material between the diamonds still has space to flow. Kap-

ton is used to provide radial support for the powdered region

of the gasket. To make the gasket, boron is first mixed with

epoxy (Epoxy Technology; part No. 353ND) in the mass ratio

3:2. A hole of 1 mm is drilled through the center of a Kapton

rod, forming a tube. The mixture is then placed in the hole

inside the Kapton tube and pressed using 100 lb of force. The

mixture is then cured at 100◦C for 24 hours within the tube.

The cured mixture (and the tube) is cut into thick disks and the

disks are polished to have the right thickness. With the current

diameter of the powder-containing region and the culet size,

we use a gasket thinner than 150 µm. Then a 300 µm hole

is drilled through the center of the powder-containing region.

With the central part press-cured, the gasket is used without

pre-indentation, to prevent cracking.

D. Pressurization procedure

The samples and the coil are prepared beforehand. The

gasket with the sample hole is glued to the lower seat dia-

mond. Then the samples and the coil are carefully placed into

the sample hole and the sample space is filled with pressure

medium. Next, the cell is temporally locked with the fixing

screws. After that, the cell is placed into a loading jig which

utilizes thicker screws to apply the force. The pressure is mon-

itored during gradual increase of the jig’s load. After reach-

ing the desired pressure, the cell is locked by the four fixing

screws in the cell.

III. PERFORMANCE TESTS

We assembled the pressure cell and designed a custom

probe to conduct high-pressure measurements in pulsed-field

magnets. An optical fiber is fed to the pressure cell via the

probe, so that the pressure can be monitored in situ at low

temperatures just before the magnet pulse using Ruby flores-

cence. The hermetic connector bulkhead at the probe top is

3D printed via stereolithography25. The 3D-printed bulkhead

forms a good vacuum seal and and can easily accommodate

an arrangement of multiple electrical, fiber-optic, and radio

frequency feedthroughs. (Fig. 3(a)). We designed a portable

pressure measuring station using an OZ Optics beam splitter

and a compact spectrometer (Ocean Optics Maya 2000 Pro)

on a 12”× 12” optical breadboard (Fig. 3(b)). The pressure

can be measured in real time by fitting the ruby fluorescence

peak using a LabVIEW program. Reference ruby spectra at

ambient pressure down to low temperature are obtained using

bare ruby pieces attached to the optical fiber. The low temper-

ature pressure is then calculated26 using P(GPa) = 2.74∆λ
with ∆λ being the wavelength difference in nm between the

R1 peaks in the ambient and high-pressure spectra. Fig. 3(d)

shows the spectrum at 7.5 GPa and 4.0 K, with a sample space

diameter of 300 µm. The factor limiting the maximum pres-

sure comes from the fixing screws; see Supplementary Mate-

rial Section 1 for details. The fact that the anvil seats and the

gasket can survive to higher pressures than the screws means

that the maximum pressure can be increased by using smaller

culets or by adding more screws to the design.

In designing the cell, we calculated the length of the G11

body, the thickness of the end plates and the length of the Ti

screws so that the difference in thermal contraction between
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(a) (b)

(c) (d)

(a) (b)

FIG. 3. (a) The 3D-printed probe top with optical fiber for ruby fluo-

rescence. (b) The spectrometer station. (c) Example spectra from the

cell at room temperature. (d) Example spectra from the cell at low

temperature.

the Ti and G11 components is compensated. We then tested

the pressure change between room temperature and low tem-

perature. With a pressure ≈ 2 GPa, the pressure variation be-

tween room- and low temperature is < 10% [see Fig. 4(a)].

One of the main concerns in a pulsed-field measurement is

sample heating. The cell is designed to have minimal heat-

ing during the pulse, especially in the areas close to the sam-

ple. To test for sample heating during the pulse, a miniature

bare-chip Cernox thermometer was placed on the side of the

diamond. The thermal conductivity of diamond is five times

bigger than silver at room temperature and becomes even bet-

ter at low temperatures27. Thus the temperature of the Cernox

can be treated as a good representation of the sample temper-

ature. The resistance of the Cernox is then measured using a

high frequency AC lock-in technique during the field pulse.

Fig. 4(b) shows that the eddy-current heating of the sample in

a 50 T magnet pulse is about 1.5 K in Helium gas and unno-

ticeable in Helium liquid at 4 K.

The cell has a relatively large sample space for a dia-

mond anvil cell; the diameter is 300 µm and the depth is

120 µm. The large sample space permits the use of a variety of

measurement techniques. The proximity-detector-oscillator

(PDO) technique has been tested successfully with this cell28.

The PDO was designed to be used in pulsed magnetic fields to

measure skin depth, penetration depth and magnetic suscepti-

bility of conductors, superconductors and insulators, respec-

tively. The measurement is contactless and can work with a

coil of just 4 turns wound around the sample. This technique

is especially suitable for the limited space of a pressure cell

and for samples that are difficult to connect electrical leads to

or which are insulators. Miniature coils with an outer diam-

eter of 140 µm are made with 9 µm diameter copper wires

(Fig. 5(a)). Fig. 5 (b) shows that the wire survives and the

original shape of the coils remains largely unchanged under a

pressure of 5.4 GPa. With careful arrangement of the sample

and the electrical leads, transport measurements can also be

FIG. 4. (a) and (b) The change in pressure when the cell is cooled

from room temperature to low temperature. The position changes

of ruby fluorescence peak R1 are shown in (a) for ambient pressure

and for a pressure of 2 GPa on the cell. (c) The change in sample

temperature in a 50 T pulse starting at 4.0 K.

carried out. The sample is connected to electrical leads us-

ing silver paste and is surrounded by the pressure medium. In

those experiments, we use Daphne 7373 as pressure medium.

One of the configurations is shown in Fig. 5(c).

IV. CONCLUSIONS

A composite pressure cell and gaskets have been built to

avoid the eddy-current Joule heating induced by pulsed mag-

netic fields. A pressure of 8 GPa is achieved in a 300 µm

diameter sample space. The pressure cell is able to host bulk

or powdered samples and is applicable to transport and PDO

measurements. Sample heating is indiscernible at cryogenic

temperatures. The change in pressure between room- and low

temperatures is small. Moreover, the design enables quasi-

mass production of cell components, so that a fast turn-around

rate is achievable, desirable for pulsed-field facility users with

limited time on-site. This is aided by the relatively easy load-

ing of the cell, which does not require a hydraulic press.

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
25

55
7



5

1mm

Boron

Kapton

Coil

Sample

5.4 GPa

Coil

(b)

(a)

(c)

FIG. 5. (a) The PDO setup on a gasket, with the sample inside the

sample space. (b) The PDO coil still retains its shape at a pressure of

5.4 GPa. The photo is taken through the diamond. (c)The transport

setup on a gasket.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on maximum

pressure limits, the pressurization procedure, and additional

pulsed field heating tests.
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