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Talk overview

Why high pressuree - It is a great example for
extreme conditions, and it is fun!

1. Background on high pressure
High pressure techniques for X-ray scattering

Opportunities for high pressure science with APS-U

LN

High pressure neutron scattering: techniques, development
and science examples

;!QOAK RIDGE
Nati

ional Laboratory




Exireme condition environments

Wikipedia:
“"An 'extreme environment' contains conditions that are
hard to survive for most known life forms.”

« Alkaline/acidic: below pH 5 or above pH 9

« Extremely cold/hot: below -17°C or above
40°C

« Under pressure: e.g. habitats deeper than
2000 m

« Under radiation

« Hypersaline
«  Without water or oxygen

Mof Everes

Salt lake

OAK RIDGE

National Laboratory
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Exireme condition environments

High radiation environments -
In situ measurements on ‘hot’
samples

High magnetic field
environmem‘s
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Low temperature
environments —
Cryostats and
dilution fridges

Courtesy of Ken Littrell,
GP-SANS, HFIR

High temperature
environments — levitation for
measurements of melts

%OAK RIDGE Courtesy of Joerg Neuefeind,
National Laboratory NOMAD, S NS




High pressure conditions

Ambient conditions:
1 atmosphere = 14.696 psi = 760 Torr

= 1.013 bar =101 kPa

High pressure conditions:
1 kbar = 0.1 GPa

atmospheres)

Wikipedia:
Magnitude of pressure
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Pressure of CO,
400-600 kPa

Deepest point of
the ocean at depth
of ~10900 m and
~0.1 GPa pressure

Photo Source: Wikipedia


https://en.wikipedia.org/wiki/Orders_of_magnitude_(pressure)

Planetary sciences

The understanding of the interior of planets and other solar
bodies requires high pressure studies.

Pressure and temperature in
Jupiter’s core about 3000-
4500 GPa and ~24000 K.

Pressure and temperature
in the earth core ~360
GPa and 5000 K.

Neutron star, pressure
from 3.2x10%2 to
1.6x102° GPa.

;I_(,OAK RIDGE
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High pressure, high temperature industry

High pressure is also important for industrial applications.

Haber-Bosch
process for
ammonia

production occurs
aft 15-25 MPa and
400-500°C.

Diamond is made by high
pressure, high temperature
processing. The first
diamonds were made under
~10 GPa and 2300 K.

Polyethylene is often
made by high pressure
processing. The initial
discovery applied 0.14
GPa for synthesis.

(a) (®)

Fig. 3. Maun-made diamonds. (2) 1-mm. diamond shown with phonograph needie.
(b) 0-2-0-5-mm. octahedra

A historical (1921) high-
pressure steel reactor at
KIT, Germany

OAK RIDGE
National Laboratory Photo Source: Wikipedia

Bundy et al, Nature 176, 51, 1995.




High pressure science

High pressure is becoming increasingly important in diverse
aspects of science.

Food processing (high
pressure pasteurization)

Room temperature
superconductivity

Novel
semiconductors
_Em‘ E // sixl
Image from Science News, S| ,f/ S o ROIR
LaH,, reported in PRL 122, el m L
027001 (2019). M ,ﬂr !* I
10° '.?f.g l.t E .
’ ' ’ Energj(e\v‘)

Better absorption of solar |
spectrum for r8-Si (Si-XIl) in
%OAK RIDGE PRB 78, 161202(R) (2008).
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What is pressuree

force
areg

pressure =

For a radius of 2 um,
an applied force of ~0.120 N
already achieves 10 GPal

(>

Indentation:

‘flat punch

fip spherical tip

Berkovich tip
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History of high pressure science

Percy Williams Bridgman
father of high pressure studies

1919:  appointed full professor in
Harvard, aged ~37

New pressure apparatus (1905), Bidgman
anvils

Invented the Bridgman seal

Studied over 100 materials under pressure

Received the Nobel Prize in 1946 for his

studies of the properties of matter at high We
pressure and the invention of his high :
Bridgman
pressure apparatus. anvils
WC

Bridgman seal
;!QOAK RIDGE

National Laboratory Photo Source: Wikipedia




History of high pressure science

Based on the shape of Bridgman anvils, the diamond anvil cell
was developed at NIST.

Two intimately related scientific and technological
achievements occurred in the field of high pressure
research at the NBS laboratory during the second-half
of the 20th century: the invention of the diamond anvil
high pressure cell [1] in 1958 and the development of the
optical ruby fluorescence method of pressure measure-
ment [2] in 1972, These two developments
together stimulated the profound advances in high
pressure research that evolved in the latter part of the
20th century.

PLATE

Fig. 4. A schematic diagram of the opposed diamond anvil assembly
to illustrate the 180° optical transmission characteristics and the
concept of Bridgman opposed anvils. A thin metal gasket containing
a 250 wm diameter hole for encapsulating a sample (liquid or solid or
both) is squeezed between the two anvils.

Fig. 1. The original DAC, on display in the NIST Museum.

OAK RIDGE DAC development at NIST
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https://nvlpubs.nist.gov/nistpubs/sp958-lide/100-103.pdf

2. High pressure X-ray
scattering

FOAK RIDGE
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Diamond cells for X-ray scattering

For a radius of 200 um,
force we now need to apply o
force of ~1200 N (equivalent
ared to ~130 kg) to achieve 10
GPa.

poressure =

Such a radius enables
sufficient sample size for X-ray
experiments while
loads/forces can be locked
IN With screws.

For X-rays the DAC is the main pressure device.
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Diamond cells for X-ray scattering

iamond seat

dia
from Phys.org by Stas Sinogeikin (HCPAT)

The sample is loaded intfo the gasket together with a
ruby (for pressure measurement) and a pressure
transmitting medium (for hydrostatic conditions).

Pressure is then applied by bringing the anvils closer
together and the gasket flowing inward.

;!QOAK RIDGE
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Diamond cells for X-ray scattering

from Phys.org

« Large pressure range from very low pressures to ~300 GPa is
accessible in a DAC.
«  With double-stages, pressures up to 600 GPa have been reached.

« Large temperature range from ~1.4 K to ~5000 K can be
additionally applied.
« Modifications allow easy adaption to more specific questions:
- memibranes for rate control on de/compression,

. perforation for low signal samples,
. designer anvils for transport measurements

- additional dynamic compression eftc.

;I_(,OAK RIDGE
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Diamond cells for X-ray scattering

A large variety of different DACs have been created for different
PUIrpOSses.

Panoramic cells

Mao-type

symmetric cells Flat anvils

/)

Seat made from WC
or cBN (for
fransparency in
beam)

Often used with Be gasket

%NOAK}L{'IJDGE Photo Source:
atonalaboratoy  https://eel.stanford.edu/research/research-facilities




Diamond cells for X-ray scattering

A large variety of different DACs have been created for
different purposes.

Deflection cell:

Conical anvils

Boehler-Alimax Plate DAC Boehler-style cut

%OAK RIDGE
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Diamond cells for X-ray scattering

DAC experiments require substantial support infrastructure.

HPCATV online and offline A
ruby systems '
GSECARS/COMPRES gas
loader

%OAK RIDGE HPCAT laser driller

National Laboratory



https://gsecars.uchicago.edu/page/gsecars-compres-gas-loading-system

Laser-hneating in the diamond cell

Samples can be heated to ~5000 K using a YAG or CO,, laser. This
can be done in sifu during X-ray scattering.

- Temperature
eating . .
laser i tio measurement using
> Planck equation [1]
MgSiO3
. __gasket P=100 GPa
sample - = s " T=3000+10 K f
s i .__,_,.._.,._,,_;., argon - |
sapphire = \\\ o z Planck - fit
diamond anvil e i = \
measured spectrum
Schematic of a laser-heated A
M 0 500 1000 1500 2000
sample in a DAC [1] Waveloneth (nm)

DACs can also be combined with other extremes
such as ultra-low temperatures or magnetic fields.

;!QOAK RIDGE
[1] R. Boehler, Materials Today 8, 34 (2005).
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High pressure science with X-ray scattering
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Rate dependence of High pressure, high

Intensity (a.u.)

metastable phase formation temperature
in germanium [1]. synthesis of
amorphous

j diamond [3].

%OAK RIDGE [1] B. Haberl et al, PRB 89, 144111 (2014).
National Laboratory [2] Somayazulu et al, PRL 122, 27001 (2019) [3] Z. Zeng, Nat. Comm. 8, 322 (2017).




High pressure science with X-ray scattering

* Observed
FeH 111 —— Calculated
— Difference

Pressure tuning of the spin-orbit coupled
o ground state of Sr,lrO, measured for

Intensity (a.u.)

FeH 200
ez 1020 A O example through the pressure-
dependence of the Ir L; edge [2].
3 -_ ’H— I ' ! I ' ] ! 1 :
% =~ 95l e
= o T el -
3 s | ——————
. 5 15| 4 nRaT
10 15 i 20 25 g 1k — — T=11K _
! L] wm, Si oi |
XRD pattern of Fe+H,O X 050 [ e300um e H=05T ]
reaction compound which ol L TRdhy + i
! . 1 . 1 . | . . 1
suggesfts the possible 0 s T T 20 T
presence of hydrogen- Pressure (GPa)
bearing iron peroxide in the '
lowermost mantle [1].
OAK RIDGE [1] J. Liu et al, Nature 551, 494 (2017).

National Laboratory [2] D. Haskel et al, PRL 109, 27204 (20] 2)




Complications for X-ray scattering in a DAC

Most scattering techniques are also possible in a DAC although
data quality is often inferior.

Powder diffraction: environment not hydrostatic enough for
Rietveld.

Laser heating: huge temperature gradients (1000 K!) that
can even result in different crystal grain sizes.

EXAFS: Diomond glitches.

PDF: Limited diffraction aperture, background changes
with pressure.

Single crystal diffraction: all of the above.

;I_(,OAK RIDGE
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High Pressure Science at the APS

16-BM-B * 16-BM-D + 16-ID-B * 16-ID-D (HP-CAT)
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3. Opportunities for
high pressure
science with APS-U
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HPCAT, Sector 16

HPCAT offers 5 experimental stations and
various offline laboratory support facilities

e 16-BM-B: multi-array capabilities, including large volume Paris-Edinburg (PE)
press for in situ viscosity measurements of melts/liquids, longitudinal and
shear elastic moduli.

e 16-ID-B and 16-BM-D: x-ray diffraction and in situ laser and resistive heating
(ambient to >500 GPa, ~10K up to 4000+K) for multiphase P-T phase diagram
development, understanding kinetics, and determining solid-melt boundary.
X-ray absorption spectroscopy (XANES and XAFS) can be performed in
tandem with diffraction in 16BM-D.

e 16-ID-D: x-ray Raman spectroscopy, x-ray emission spectroscopy, inelastic x-
ray scattering for understanding bonding and electronic structure.

e 16-ID-E: an approved x-ray enclosure fielding special request and unigue
measurements.

R
w Ll §
LR
\\c~‘
L& S | =
¥ o
~—

General purpose
fable at 16-ID-B

\

0
=
A
3

§ Large volume press
At 16-BM-B




HPCAT, Sector 16, after APS-Upgrade

ID-D will facilitate SAXS,

NRS, IXS ID-B has new branching Canted 21/25
monochromator, focusing mirrors, Revolver
detectors and experimental tables undulators offer

higher flux and
tunability

I New DCM and

sub-micron DMM with CRLs

~ beam installed in ID-C
diffraction and

tomography in
ID-E BM line uses single source. PEC and

XAS/XRD operate in tandem mode

with new detectors, focusing optics
and experimental tables

Confact:

Maddury

. Somayazulu

L% zulu@anl.gov Argonne°

AAAAAAAAAAAAAAAA
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APS-U beamline POLAR, to come online in 2024
Focus: Magnetism at extreme pressure
condifions*

KB mirrors
2 T electro-
magnet
9-1-1 T magnet )
Toroidal
Diffractometer focusing mirrors Phase retarder
with 2 T HTC magnet before SCAPE installation :
4 T magnet ( : W.h'te beam
mirrors
Monochromator
: ;:;~ Contact:
A » ‘1 Daniel Haskel A
 haskel@anl.gov Argonne

*See Appendix A AAAAAAAAAAAAAAAAAA
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APS-U Polar beamline: brilliant focused beams
for extreme pressure science*

Brilliant sub-micron beams (400 nm) will enable in situ magnetic X-ray
scatftering and spectroscopy at multi-Mbar pressures (< 7 Mbar).
Lanthanides/Actinides: Magnetism, Kondo/heavy fermion, mixed-
valence superconductivity

Anomolouslyigh T above 1 Mbar Pressure induced SC in Yb above
) IR 86 GPa_

(a)

Electrical resistance 7o~ Hectrical resistance

‘
o ' i °r & ‘ 1 Yb-XANES
§- | T M

£
0

Yb metal
— 1bar
—1GPa
——23 GPa
——41GPa
F |54 GPa
——85 GPa

Intensity (arb. units)

Energy (keV)

06
VIV,

. . ' T - . Mixed valence: Yb 4f'“non-magnetic; Yb 4f'3 magnetic
Needs fo probe magnetic ordering directly Superconductivity mediated by spin fluctuations?

Lim et al. PRB 91, 045116 (2015)
O e a1 005 J. Song et al., PRL 121, 037004 (2018)

*See Appendix A
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Diamond anvil cell program at GSECARS*

The DAC program at GSECARS provides state-of-the-art experimental
techniques to study key geoscience topics in the entire pressure-temperature
range of the Earth’s deep interior with full characterization of the sample in situ
at high P-T conditions with combination of synchrotron x-ray probes and on-
line optical techniques: —

* micro-x-ray diffraction (time resolved)

* inelastic x-ray scattering (x-ray Raman)
* X-ray emission spectroscopy —
* x-ray fluorescence microprobe
 x-ray absorption and radiography

on-line time resolved optical
spectroscopy

(Raman, Brillouin, absorption, emission)
on-line laser heating (CW & pulse)

. Xroy ~34md - BQKeV APS

| Contact:
Vitali Prakapenka
vitali@Quchicago.edu

gn:" THE UNIVERSITY OF GSECARS

® CHICAGO /¢

*See Appendix A
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APS-U: MBA upgrade and DAC program

X-ray emission spectroscopy, time-domain experiments, dynamic
compression and pulse laser heating are main fechniques that
will benefit from APS-U, not a new concept but next level of
experiments.

Electron Beam Profiles

MBA: tightly focused (100-300nm), high brilliance, high
Now energy x-ray beam - natural requirements for sophisticated
DAC experiments

X-ray
Laser

T=3.672 us

Synchrotron
hybrid fill

500 ns, 86 mA

Laser pulse

X-ray detector

Complexity of high-pressure phase diagram
and melfing covering the TPa range

Element partitioning in the presence of Coherent X-ray techniques:
molfen phases Scanning fransmission x-ray
Hydrogen reaction with minerals microscopy, X-ray holography,
Water in the deep mantle Coherent x-ray diffraction imaging,
Density and structure of silicate liquids and Phase-contrast imaging, X-ray
glass photon correlation spectroscopy,
Structure solution of metastable phases Ptychography, Magnetism

(multi-grain single-crystal approach)
Synthesis of novel materials



Extireme conditions programs at Sector 3 & 30

a

a

o

The Nuclear Resonance programs at Sector 3 & 30 offer the following techniques:
= Synchrotron Mdssbauer spectroscopy (SMS)

= Nuclear resonant inelastic x-ray scattering (NRIXS)

= MOossbauer Microscope (MM)

These techniques allow measuring speed of sound, isotope fractionation,

valence, phase fractions, texture, Mdssbauer hyperfine parameters and
magnetism

SMS and NRIXS measurement are routinely performed at extreme conditions:
low temperature, down to 4 K;
combined low temperature and high pressure (4 K, 150 GPa);
high pressure and high temperature (3500 K, 150 GPa).

Dedicated table with
two closed cycle
' cryostats

Short length
KB focusing
mirrors: 20x30




+Reduced horizontal emittance will enable 1 um
focused beam

+Increased current from 100 to 200 mA

The APS-U briliance enhancement will greatly benefit Melting studies at the Earth
the extreme conditions programs at Sector 3 & 30 by: core conditions using
synchrotron Mossbauver

« Enabling measurements at much higher pressures

e spectrosco
and temperatures to reach Earth core conditions. b DY

‘f‘CC;F4¢0;9Nio N

« Resolve different phases synthesized in the
diamond anvil cell, namely a high pressure
Mossbauer Microprobe program can be
envisioned;

« Allow more accurate measurements at high P, Tin
the laser-heated diamond anvil cell.

These improvements will boost studies of Earth and
planets deep interiors as well as new extreme
conditions for physics and chemistry studies.

1300

!
120 GP
1200 ( 2) 1 3320(100) K '+‘ ]

normalized delayed cnts

8

Contact:
Jiyong Zhao

eff. thick
3

60 %’W):O |

. jzhao@anl.gov
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4. High pressure
neutron scattering

FOAK RIDGE
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Neutron scattering facilities at ORNL

RS g e Spallation
A : s S8 Neutron
= Source

Isofope
Reactor

dam ¥
Zot,

Will focus on developments and science at ORNL

although similar efforts are ongoing world-wide.
%OAKRIDGE
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High pressure neutron scattering

The diamond anvil cell for synchrotron scattering or optical
techniques is sufficiently versatile for most in situ studies.

BUT:

For a diamond with 200 um culet diameter*,
the volume of the sample chamber is 0.0003 mm?3.

The minimume-size on typical high flux instruments is ~1 mms3
on well scattering samples.

B _

—_—
>

P
<«

1.85 mm

;I_(,OAK RIDGE
Nati

fonal Laboratory *Note that chamber diameter = below % culet diameter




High pressure neutron scattering

f For a radius of 2 mm,
_ force we need to apply a force of
pressure = ~120 kN to achieve 10 GPa. This

ared Is equivalent to 13 metric tons.

;!QOAK R.E

National Laboratory Photo source: Wikipedia




High Pressure Neutron Scattering

Fundamental challenge in high pressure neutron scattering:

Neutron scattering needs large samples, high pressure needs
small samples.

« To accommodate the necessary large sample volumes, a
variety pressure cells exist for neutron scattering.

« These are often optimized for specific science questions
and/or neutron scattering fechniques.

;!QOAK RIDGE
Nati

ional Laboratory




High Pressure Neutron Scattering

Various dedicated high pressure cells* are used to enable a
large variety of science from materials science, physics,
geoscience and chemistry to soft matter science.

0.2 GPa
extended
McHugh

;:oer”S ANS Clamp cells forup to 2

GPa at ultra-low
temperature and high field

Gas cells for up to 0.7 GPa
with gas intensifiers such as
the SITEC

Paris-
Edinburgh
cells

for up to 20
GPa

Diamond anvil cell for
%OAK RIDGE ultra-high pressures

National Laboratory

*See Appendix B




High Pressure Science at SNS and HFIR

Spallation Neutron Source at Oak Ridge National Laboratory m’&SNS
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Complications for HP neutron scattering

Most neutron scattering techniques are also possible within
a neutron pressure cell.

Similar issues as for X-rays: hydrostaticity, diomond dips
(glitches), limited apertures etc.

TOF white beam: background corrections can be highly
complex and computationally intensive.

Additional key issue: the sample is (too) small and
the background is (too) high.

;I_(,OAK RIDGE
Nati
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Innovations in High Pressure Neutron Scattering

World-wide, many developmental efforts are under way to
innovate pressure capabilities for in siftu neutron scattering.

To provide new capabilities, there are several parameters
that can be addressed:

* More neutron flux
« Reduced backgrounds*

» | New/different pressure cells

Example: neutron diffraction in a DAC

There is active research and development tackling
all three components.

¥ OAK RIDGE '
National Laboratory *S ee A p pe N d IX C




Megabar neutron diffraction

Many efforts are underway world-wide to develop neutron
diffraction at megabar levels in the DAC.

Such development also occurs on SNAP, the SNS
dedicated high pressure time-of-fight white beam
diffractometer [1].

\"\ |-'\ |

ruby system

\/

Neutron diamond anvil cell on SNAP [2]

%OAK RIDGE [1] https://neutrons.ornl.gov/snap
National Laboratory [2] B. Haberl et al., JAP 130, 215901 (2021).



https://neutrons.ornl.gov/snap

Megabar neutron diffraction

First generatfion diamond anvil
cell developed on SNAP:

« Maximum pressures of 100 GPa
were achieved.

« Single crystal diamond anvils
allow removal of diamond
peaks.

« Membrane press enabled online
pressure increase.

« Gasket made from stainless
steel.

Panoramic diamond cell inside a
membrane press. The sample
volume was ~0.05 mm3 [1].

FOAK RIDGE
National Laboratory [1] R. Boehler, M. Guthrie et al. High Pres. Res. 33, 546 (2013).
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Pressure (GPa)

IN
o

Megabar neutron diffraction

100

80 -

(o]
o
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Seat and natural

Load (metric tons)
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D-spacing (A)

diamonds
used. PCD
stegl | WC
A 1.0 mm (bev.) 7 r B
> ‘
A/ \“
e - \
1.6mm A/ EI/D/D / S| \
v e
(ruby) B 5
» D/D 1.3mm E \
D/ R .\ ;lé’_.,) I \
. \ 1.4 mm = \ ‘
2 E'.:'x' \1 6 Vh
3 mm
'/// L
g 111 H B 110
2 4 6 8 10 1.75 2.00 2.25

[1] R. Boehler, M. Guthrie et al. High Pres. Res. 33, 546 (2013).

94.2

188.0

82.0

174.3

65.9

155.9

45.8
25.1

one anvil + seat:
$ 4500

Neutron diffraction
up to 94 GPa on ice.
Sample volume at
highest pressure was
~0.015 mm3.



Megabar neutron diffraction

Then very large CVD anvils became available.

10 carat, 9 mm tall CVD anvil

with pyramidal design o
2 mm CVD anvil with

conical anvil design

Even 6 mm anvils have
been ok to 12 tons!

Cracked under 3 tons!

;!QOAK RIDGE

National Laboratory




Megabar neutron diffraction

Next generation DAC
designed for SNAP [1].

* Opening aperture allows
Q =1.3-22 A1 on SNAP.

« Pressure can be increased
online.

 Cell can be cooled to ~5 K.

DAC with «  Maximum pressure of 45 GPa
membrane 3
controller on ~0.15mm?.
for online « Incident beam is collimated
pressure . . .
change with hBN right up to anvil.
used on
SNAP.
%OAK RIDGE , ,
National Laboratory [1] R. Boehler, J.J. Molaison, B. Haberl, Rev. Sci. Instr. 88, 83905 (2017).




Megabar neutron diffraction

This particular design relied on two key components, large CVD
anvils and machined gaskets for added support [1].

)

é mm conical CVD

Machined stainless steel gasket
5

anvils inside steel seatfs. 0.06 mm3 of
ice-Vll at ~62 . §
GPa[2]. | ¢
i W
Conical anvil design.

%OAK RIDGE [1] R. Boehler, J.J. Molaison, B. Haberl, Rev. Sci. Instr. 88, 83905 (2017).
National Laboratory [2] M. Guthrie et al, PRB 99, 184112 (2019).




Megabar neutron diffraction

The latest generation SNAP DAC:s finally broke the ‘sound
barrier’ of the megabar (=100 GPa).

Preparing a cell at SNAP

New cell design [1]

0 GPa ol
Ni (111)
‘ 100
: & 80
gz | (0]
t Ni(200) || 5 60|
| n
Il w i r
Nia2e) I il Re / o 40 800 hite, in A
f I | ~— | \Re [\ B um, graphite, in Ar
\\'\HU‘\/J'\’”W N 1t \f\/f N
600 um
20 |-
800 um
0 1
% 0 1 2 3 4 5
onc

Load [tons]

;!QOAK RIDGE

National Laboratory

[1] R. Boehler, M. Guthrie, B. Haberl, manuscript in preparation.



Megabar neutron diffraction

Rietveld refinement of Ni at ~100 GPa.
The data are refined while being kept

separate in the individual columns of
the detector [1]

5.5 T

5

4.5

4

3.54-

( B
3 &
b acle

Intensity [arb. units]

2.5 a|

Intensity, Arb. units

2+

L5

1.0 15 2.0 25 3.0 35 40
d-spacing [A]

- &

05 R

A i Graphite measured in a DAC
e g as I oq d e d W”L h A r [’ ]

]
0.8 1 1.2 1.4 1.6 1.8 2
D-spacing, d (Ang)

Jrmar
0 &

%OAK RIDGE

National Laboratory [1] R. Boehler, M. Guthrie, B. Haberl, manuscript in preparation.




Megabar neutron diffraction

A key desire is science on hydrides. Here, nickel deuteride was
synthesized inside a DAC. The angular resolution on SNAP was
used to better assess (and eliminate) backgrounds.

T T T T y . .
3) ~ observed] | D) i
= calculated, - il 20 = 50°
— difference v
T=300K 1 TR | '
P = 11 GPa (Ni EoS} 11 Column's |
y | 20 = 66°
I |
Column 4 |
%': Fy 20 =83 |
S w
2 =
< @
= 0 o o> Q (= Column 3
20 = §9° |
e
. 2 L w0 0@ .
y A : t . Ni Column 2|
20 = 105°
Column 1 |
20 = 12;«»':
T T T T H : > ‘
1.0 15 20 25 30 1.0 1.5 20 25

d-spacing (A) d-spacing (A)

%OAK RIDGE
National Laboratory []] B. Haberl et O|., JAP 130, 215901 (202] )




Megabar neutron diffraction

D, loaded with amorphous Si flakes

p— calculatedi
" difference,

a) | ” T obsenved |

T=77K
P = 15.5 GPa (D3 EoS)

Although the entire
experiment was

| W conducted below
Hofben s 2 b 120K, the cell blew

out at ~ 20 GPa.

Intensity

We need to improve anvil technology for
hydrogen compatibility.

FOAK RIDGE
National Laboratory []] B. Haberl et al., JAP 130, 215901 (202] )




CO ﬂC|USiO NS https://forms.office.com/g/eWZx7Wnibb

 High pressure experiments can
be very hard.

- There are world-class  high
pressure facilities at the APS and
SNS/HFIR.  The earlier  you
communicate with us, the more
we can help to design the best
possible experiment.

« High pressure is fun!

Thank you!

Acknowledgment: Neutron DAC developments were in part funded through the ORNL
LDRD scheme. Experiments used resources of the Spallation Neutron Source and the
High Flux Isotope Reactor, a Dok Office of Science User Facility operated by the Oak
Ridge National Laboratory and at the Advanced Photons Source, a DoE Office of
Science User Facility operated by Argonne National Laboratory.

;I_(,OAK RIDGE Argon neé

National Laboratory
NATIONAL LABORATORY
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« “High-pressure studies with x-rays using diaomond anvil cells” by
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016101 (2017).

« “SPECIAL TOPIC: X-ray technigues at the HPCAT at the
Advanced Photon Source”, Review of Scientific Instruments 86,

Issue 7 (2017).
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A. Further details on
APS-U & high pressure
science

¥ OAK RIDGE
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APS-U Polar beamline

APS-U APS Today
Electron source size

~ X 75 reduction

Focus: 10 um to ~100 nm

APS-U (Brightness mode) - >

¥ [wm]

y [nm

. ot . SR

D,

o, = 145 um
oy =2.8um di

/~ x100 flux gains in 100-300 nm beams\ /X-ray Circular/Linear Dichroism: X-ray polarization contN
Electronic/magnetic response at high P A

PS-U: Round undulator vacuum chambers

Mapping of phase/electronic inhomogeneity

APS: Crystal optics (Diamond phase plates)
APS-U: Polarizing superconducting undulators
Linear H/V; Circular/Elliptical x-ray polarizat

Higher Pressures: x10 gains, to ~ 7 Mbar x10 flux gains vs phase plates E < 15 keV

Higher fields (new SC magnet): H=9/1/1 Tesla, 1.4 K Enables polarization control E >15 keV @ g ppe
X-ray Circular/Linear dichroism undulator

~ x1000 gains in polarized flux and polarized coherent flux in 100-300 nm beams
New frontiers in studies of electronic matter, especially at high pressures
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APS-U Polar beamline

H=9/1/1 Tesla
T=1.4-300 K
P <7 Mbar

2.1x10%3 photons/sec (10 keV)
KB Mirrors working distance=600 mm
Flux density gains ~ x100

800 -4 M-s00 ° Nanopositioners
400 414 nm x 212 nm ! 600

L 4 400
oF =)

200
-400 [ - 0

gool L o 11
-800 -400 0 400 800

Horizontal (nm)

Interferometer
sensor

Vertical (nm)

Jenei et al., Nat. Comm. 2018 350 x
Dewaele et al., Nat. Comm. 2018 305 CSSK%
g_@ ﬂé‘ é:
© 5ok gm Raman objective
[a o m 1(e(( _r
125 [§§CC o C“FQ |
- — v, laser

-20-15-10 5 0 5 10 15 20
X (microns) ‘ Magnet coils Retroreflectors I

Interferometer
sensor

Extend pressure range of XAS/XMCD from ~ 1 Mbar to 6-7 Mbar
Also probe structural/electronic inhomogeneity ~ 300 nm resolution 5



X-ray polarization control at Polar beamline

Undulator vacuum chamber

APS-U

Several cm
H-opening

Permanent
magnets

APS: diamond v2 wave plates
LCP, RCP 2.8-14 keV, beam attenuation

APS-U: LCP, RCP, L-H. L-V 2.8-27 keV
Large flux gains below 14 keV (x5-30)
Access resonances 14-27 keV

5f element L-edge, 4d elements K-edge

Superconducting
Magnets

APS Undulator: vertical field
Linear horizontal polarization

APS-U undulator: L-H, L-V, RCP, LCP
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Diamond anvil cell program at GSECARS

13-IDD X-ray energy 5- ~
G I it 1)L 80 ke 1580
- E Y } beam size ~3
2l

Multiple optical axes (x-ray,
lasers, spectroscopy/
imaging) should be aligned
with sub-micron precision on
sample in the DAC

XRD, sXRD, XES

on-line laser
heating,

8 Raman and

& VIS-IR

spectroscopy

laser

X-ray energy 15, xrqy energy 5-

29 keV 80 keV
X-ray detector 4 MM 12 um
spectrometer l
SXRD XRD, sXRD
100 GPa equals 1 million bar _li N . .
(Mbar) or about 1 million on “r?e laser on-line Brillouin,
atmospheres heatfing, Raman Raman
and VIS-IR
g VIS spectroscopy

spectroscopy



B. Science examples
using variety of
heutron pressure cells
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B. Neutron gas pressure cells

« Up to 0.7 GPa gas pressure,
 lnert gases as well as H,/D,

GVGII.Oble' _ Gas pressure cell with
« Cooling down to 5 K possible, radial SNAP collimator
« Routinely used at many beamlines
for  diffraction and inelastic
scattering,

SITEC Gas Intensifier
rated to 7 kbar

;I_(,OAK RIDGE

National Laboratory [1] A. dos Santos et al. accepted with Review of Scientific Instruments.




B. Neutron gas pressure cells

H, as 2D hindered rotor in organic clathrate cages

measured on VISION. .

J=1->J=1 ‘
Center of mass &
‘rattling” fundamental
’ Diamond anvil cell gas
loader can be used as

J=0> J=1 _ d
Pure rotational transition portable H, Infenslflr

(single peak at 14.7
meV for solid H,)

§~ Ortho
- __J
Para
Gas pressure cell 0O 10 20 30 40 50 60 70 80
used on VISION Energy (meV)
OAK RIDGE

National Laboratory Source: Daemen (ORNL), see T.A. Strobel et al, PRL 120, 120402 (2018).




B. SANS pressure cells

Extended McHugh cells — SANS
reaction cell for in situ pretreatment

- For acid pretreatments, stainless steel is
not good but tantalum < 1T mpy corrosion
rate

« Reaction cell - Stainless steel with surface
alloyed tantalum

Corroslon Resistance of

Tantalum and Alloys in Sulfuric Acid

230 445
20 - — 428
210 — — 410
200 (= - b2
190 = & & a4
180 9 — 356 °F
a coeoion or <1 gy -
170 [y iGN N —1 338
160 |1 - 320
50 |1 1.
al 1a
130 2 ~ o288
120 [+ ~ 248
110 % 03, Bolineg Foit Gurs - 2
100 % - T WY

0 10 20 30 40 50 &0 70 B8O HO 100

0.5-1.59%  *™*

%OAK RIDGE

National Laboratory Source: S.V. Pingali, Bio-SANS instrument team (ORNL)



B. SANS pressure cells

Morphological changes in cellulose and lignin
components of biomass occur at different stages during
steam pretreatment

40 —) 140°C 140°C 140 —) 40°C

() In-situ time-resolved neufron small-
angle scattering data. Top row
(horizontal sector) highlights
cellulose morphological changes
and bottom row (vertical sector)
lignin.

o
oy

0.01

scattering intensity

() A schematic summarizing the
fundamental processes
responsible for the morphological
changes of cellulose and lignin
components during steam
explosion pretreatment.

Pingali et al. Cellulose 21, 873 (2014); Nishiyama et al. Cellulose 21, 1015 (2014) ; Langan et al. Green
%OAK RIDGE Chemistry 16, 63 (2014). Contact: Venky Pingali pingalis@ornl.gov.

National Laboratory
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B. Piston-cylinder clamp cells

Very useful for inelastic neutron scattering due to the large
sample volumes possible, the relative ease of cooling and the
possibility to insert cell info a magnet.

CuBe cell available through US-
Japanese collaboration
with a maximum pressure of 1.8 GPa.

NiCrAl cell that can be cooled to
300 mK and allows maximum
pressures of 2.2 — 3 GPa.

CuBe cell for maximum
pressure of 2 GPa available
with in situ optical pressure
measurement. Sample size is
15 mm height and 4.5 mm
diameter.

%OAK RIDGE Source: Podlesnyak, Lumsden, Loguillo, Rucker, Tian, Matsuda (ORNL),
National Laboratory Uwatoko (University of Tokyo)




B. Piston-cylinder clamp cells
Inelastic neutron measurements on CNCS and SEQUOIA.

%

18 kbar

0 kbar

hw (meV)

-1.5 -0.5 0.5 1.5 -1.5 -0.5 0.5 1.5
(1.5,0:, ) (@lu)

First publication using clamp
cells on CNCS:
“Spin dynamics in pressure-
induced magnetically ordered
phasesin (C,H;,N,)Cu,CI" [1].

OAK RIDGE

National Laboratory

“Pressure effect on hydrogen tunneling
and vibrational spectrum in a-Mn”
Clamp cells and INS (CNCS and
SEQUOIA) were used to measure the
pressure effect of the funneling mode
and vibrational spectra of hydrogen in

a-MnH, o7 for pressures up to 3 GPa [2].
1 ' I M 1 M 1 M 1 M I ' 1 v T v I
0.00104| —— 1bar, cell-2 jq, 7 N
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E 11— 30 kbar, cell-2
S 0.0006 i
£ X
= .
= 0.0004 - -
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g N 3 N
7] L Pl ahafd P
0.0002 e e 2
Lo ==
0.0000 5t x e it il
"EEI !-3' 4
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[1] G. Perren, et al. PRB 92, 54413 (2015), Editor’s suggestion

Energy transfer (meV)

[2] A.l. Kolesnikov et al., PRB 94, 134301 (2016).



B. Piston-cylinder clamp cells

Single crystal diffraction at HB3A: Magnetic precursor of the
pressure-induced superconductivity in Fe-ladder compound

Pressure-temperature phase 180
diagram. The inset shows the 160, ® Prosemsuay v
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National Laboratory Source: Cao, HB-3A and HB-2C teams (ORNL), see S. Chi et al, PRL 117, 47003 (2016).




B. Diffraction on SNAP in the Paris-Edinburgh
cell

« Key elements are a 200 ton press and
toroidal anvils,

« 10 GPa with cubic boron nitride anvils,

« 20 GPa with polycrystaline diaomond
anvils,

« Cooling down to 85K,

« gasket made from TiZr (no diffraction
peaks).

;!QOAK RIDGE

National Laboratory




B. Diffraction on SNAP in the PE cell

Understanding the phase

diagram of lithium [1]. - - -
9 [ ] () HHTE?

[ bcec neutron A fce neutron . .’ bece XRD ‘ fcc XRD 1EJ:| - -
O / A Guilaumeetal. . Vaksetal. B / A Hanflandeta. @ Smith etal. —e— Neubmon

®  Moassbauar
300

250

T (K}

< 200
g 150
g
'_
* Guillaume et al. 300
100 : '+ present work. { 250
4 200
o "
% 1 2 3 4 5 6 7 10 Pressure variation of the Néel
Pressure (GP2) temperature of MnTe,
measured on SNAP in the PE
cell [2].
OAK RIDGE [1] A. M. Schaeffer et al. Nature Communications 6, 8030 (2015).
National Laboratory

[2] Tapan Chatteriji, et al, Phys Rev. B 91, 104412 (2015).



B. Clamped diamond cell with Versimax® anvils

« Opening aperture of 120°. PCD anvil

« Pressure is applied in press and clamped in via a and gasket
simple spring mechanism. y

« Cell can be cooled to ~5 K.

« Sample volume is up to 2 mms3,

Original Vascomax design [1] Optimized CuBe design
with conical anvils [2]

%OAK RIDGE [1] B. Haberl et al, High Pressure Research 37, 495 (2017).
National Laboratory [2] B. Haberl et al, Re. Sci. Instr. 89, 092902(2018).




B. Clamped diamond cell with Versimax® anvils

Properties of Versimax® (polycrystalline diamond sintered in SiC
matrix from Sandvick):

« Diffraction pattern shows diamond-cubic SiC (3C) peaks.
 Held up to load of ~13 GPa without any support.
« Transmission on VISION is equivalent to single crystal diamond.

Powder diffraction data from SNAP. Transmission data from VISION.
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¥ OAK RIDGE
National Laboratory [1] B. Haberl et al, High Pressure Research 37, 495 (2017).




B. Clamped diamond cell with Versimax® anvils

¥

Versimax® is not transparent, so a pressure load curve for
the 3 mm anvils was measured on SNAP using NaCl as
pressure calibrant.

OAK RIDGE

National Laboratory
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B. Clamped diamond cell with Versimax® anvils

INS on hydrogen-rich samples is possible at SNS oh
3

: HsC CHs
Inelastic neutron spectrum from

~1.6 mm?3 of hexamethylbenze

, Hs;C CH;
loaded into the DAC.

CHs

— 1.6 mm? (1.5mg, 9umol) of hexamethylbenzene in DAC (background subtracted)
— Hexamethylbenzene in DAC under approx 4GPa (background subtracted)
— Reference: Hexamethylbenzene 0.44g

Preliminary INS data of pressurized

>
i
- .
2 HMR in DAC measured on VISION.
et -|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'r1
c
- | — hexamethylbenzene (HMB) in DAC - no pressure - Phonon Density of States (PDOS) at 5 K
o — HMB in DAC at 4 GPa - softening of the PDOS
ﬂ == HMB in DAC at 7 GPa - pressure-induced structural phase transition
©
E
5
= 0.02
2
g
E
=
S
=
Energy transfer (meV) g
Z.0.01

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Energy transfer (meV)

%OAK RIDGE Source: Daemen, Haberl, Molaison, Boehle

National Laboratory




B. Clamped diamond cell with Versimax® anvils

Single crystal diffraction is possible at SNS and HFIR.

HB-3A
Hexaferrite ~0.1 mm?3 crystal
with Pb as pressure medium
inside the DAC within CCR.

Neutron wavelength A=1.546
A with half-lambda filter [2].

T
—— Load= 0 tons
Load= 5 tons
—— Load= 6 tons
—— Load= 6.9 tons
30 —+—Load= 7.8 tons o

IMAGINE
i

.
a0 "
g A 4 4
oo t
| U
i Il b s
) l J
ccccc .
- "
e e e e e e
10,6,00 »
o005

(c) ~

Héxaferriie in DAC
40 |

- 19 e

BF- /FVHHetical-b. g

Hexaferrite ~0.1 mm?3 crystal
with deuterated glycerin as

I (count/s)

-

Single crystal diffraction pressure medium inside the
) | from a ~240 um thick single DAC [2].
’ 1.(r.1.u.4) i crystal of MnP loaded with
KBr measured at 6 K [1].
%NOAKIIL{II;DGE [1] B. Haberl et al, High Pressure Research 37, 495 (2017).
ationa al oratory

[2] B. Haberl et al, Re. Sci. Instr. 89, 092902(2018).



C. Development in
pressure cell specific
collimation for neutron
scattering

¥ OAK RIDGE
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C. Incident and scattered beam collimation

Collimation (or shielding) is often critical to reduce
background and remove parasitic cell scatter.

« Typically, cells were masked with
neutron absorbing material, e.g. Cd,
Gd, B.

« Very sophisticated masks are colloquially
called incident beam collimation.

« Radial collimation instead is true
collimation that collimates out
unwanted scatter.

Wide-angle DAC
%OAK RIDGE covered in Cd.

ional Laboratory




C. Incident beam collimation

Custom collimation can be fabricated through 3D-
printing:

« A form of 3D-printing (powder bed and inkjet printing)
allows for 3D-printing of B,C powder.

« The 3D-printed collimator is infiltrated with superglue
which contains some hydrogen. This can now be
replaced by infilfration with aluminum [1].

Superglue and
aluminum infiltrated
incident-beam B,C
collimators for Paris-
Edinburg cell on
SNAP [2].

OAK RIDGE [1] C.L. Cramer et al, Materials and Design 180, 107956 (2019).
National Laboratory [2] B. Haberl et al, Review of Scientific Instruments 92, 093903 (2021).




C. Incident beam collimation

‘Old’ set-up with Flexi-Boron

220 A

35 | ° ——— with collimator -
< —— with Flexi-Boron
a0t - # ©
Collimator sef-up
25 ]

Normalized intensity [cts]

. . . . . .
1.0 15 20 25 3.0 35 40
d-spacing [A]

%OAK RIDGE

National Laboratory [1] B. Haberl et al, Review of Scientific Instruments 92, 093903 (2021).




C. Incident beam collimation

3D-printing also allows for complex designs of

hydrogen-free collimators from neutron absorbing
materials.

New collimator design printed from B,C for single
crystal diffraction in a wide-angle DAC typically
used on SNS’s CORELLI beamline [1]

;!QOAK RIDGE

National Laboratory

[1] B. Haberl et al, Review of Scientific Instruments 92, 093903 (2021).



C. Scattered beam collimation

Radial collimation uses geometric considerations to only

let scatter originated from the sample arrive on the
detector.

Example of a radial collimator designed for a
cylindrical gas pressure cell [1]

1 — graphite in 6 kbar Al gas cell w/o radial coll
~ graphite in 6 kbar Al gas cell w/ radial collimator
05+
+05 Alln
1 Alyog
20405 A|311/222
g ] Cooz
g ]
= 1.5e+05 A|22°
1 Alssyazo/a22 Cons
+04
. Carop212 Cisoin1

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

2 25
d-Spacing (A)

%OAK RIDGE _
National Laboratory [1] A. dos Santos et al., Rev. Sci. Instrum. 89, 092907 (2018).




C. Incident and scattered beam collimation

Monte Carlo Ray Tracing allows for further improved
radial collimations through computer optimization[1].
Cell consists of a CuBe insert in an Al sleeve.

° °
Simulation
p or - eumt - R . :
Ho r cell —— Without collimater |
g‘/ —— With collimator
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d_spacing (Angstrom)
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8 — TCu 11 — g e e
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~ | —— Without collimator
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; i cell J
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2} Si(111)
Si 31
" " " L " L " " l A
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OAK RIDGE d_spacing (Angstrom)
National Laboratory

[1] F.Islam et al., Journal of Neutron Research 22 (2020) 155-168



C. Incident and scattered beam collimation

Collimation reduces cell scatter and increases ratio
of sample-to-background signal:

* Incident beam collimation optimizes for illumination of
the sample.

« Radial collimation selects for only sample scatter to
arrive on the detector.

These developments are critical for high pressure
neutron scattering since sample volumes and hence
sample scatter are small.

;!QOAK RIDGE
Nati

ional Laboratory




