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Developments in pulsed laser heating applied to nuclear resonance techniques are presented together
with their applications to studies of geophysically relevant materials. Continuous laser heating in
diamond anvil cells is a widely used method to generate extreme temperatures at static high pressure
conditions in order to study the structure and properties of materials found in deep planetary interiors.
The pulsed laser heating technique has advantages over continuous heating, including prevention of
the spreading of heated sample and/or the pressure medium and, thus, a better stability of the heating
process. Time differentiated data acquisition coupled with pulsed laser heating in diamond anvil cells
was successfully tested at the Nuclear Resonance beamline (ID18) of the European Synchrotron Radi-
ation Facility. We show examples applying the method to investigation of an assemblage containing e-
Fe, FeO, and Fe;C using synchrotron Mossbauer source spectroscopy, FeCOj3 using nuclear inelastic
scattering, and Fe,O3 using nuclear forward scattering. These examples demonstrate the applicability
of pulsed laser heating in diamond anvil cells to spectroscopic techniques with long data acquisition
times, because it enables stable pulsed heating with data collection at specific time intervals that are
synchronized with laser pulses. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935304]
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. INTRODUCTION

Over the last decades, in situ experiments at extreme pres-
sure and temperature conditions have provided many excit-
ing results in the fields of experimental geosciences (Tateno
et al., 2010), solid state physics (Eremets et al., 2004), chem-
istry, and material sciences (Solozhenko et al., 2009). Such
achievements only became possible due to advances and devel-
opments in synchrotron radiation techniques as well as the
evolution of tools for generating extreme conditions. Laser
heating in diamond anvil cells (DACs) is a commonly used
technique to achieve pressures over 1 Mbar (100 GPa) and
temperatures of several thousands of degrees. Many scientific
facilities have dedicated stations or beamlines to conduct laser
heating in DACs (Prakapenka et al., 2008 and Schultz et al.,
2005) that focus on studies of melting (Anzellini ez al., 2013),
phase transitions (Bykova et al., 2013 and Dubrovinsky et al.,
2007), and synthesis of new materials (Salamat et al., 2009).
However, laser heating in DACs using continuous wave (CW)
solid state lasers, especially at very high temperatures, is often
complicated by abrupt changes in the material’s emissivity,
leading to thermal extinction or flashes, hydrodynamic insta-
bility of thin very hot samples, problems with spreading of
heated material into or out of the heated area, and possible
chemical reactions between sample and thermal insulation
and/or diamonds (Dewaele et al., 2010). For these reasons,
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pulsed laser heating offers great advantages as demonstrated
recently (Goncharov et al., 2010) to overcome (either partially
or fully) the problems mentioned above. Indeed, it is possible
to concentrate the energy deposited by each laser pulse into
a short time interval and to prevent uncontrolled changes in
emissivity due to a low average power. The spreading of mate-
rial and chemical reactions are minimized due to the very
short heating pulses: they allow the thermal insulating material
to remain relatively cold, thereby providing more stable and
better controlled heating. However, so far pulsed laser heating
has been restricted to investigations with short times (dozens of
seconds) for data collection, in particular for X-ray diffraction
and Raman spectroscopy (Goncharov et al., 2008; Goncharov
et al., 2010). Nuclear resonance techniques generally require
much longer data collection times and have only been used in
combination with continuous heating (Kupenko et al., 2015;
Lin et al., 2005; and Zhao et al., 2004), but no work has been
reported so far that makes use of pulsed laser heating.

Here, we report for the first time the combination of time
differentiated Nuclear Forward Scattering (NFS), Nuclear In-
elastic Scattering (NIS), and Synchrotron Mdéssbauer Source
(SMS) spectroscopy with pulsed laser heating in DACs. The
approach requires detection schemes that allow synchroniza-
tion of the laser pulse with nuclear resonance spectroscopic
measurements. The schemes can cover an extremely wide
range of time scales: from quantum beats with typical periods
of nanoseconds, through laser pulses with repetitions on the
scale of milliseconds, to typical data acquisition times lasting
minutes to hours. We demonstrate that the approach allows

©2015 AIP Publishing LLC
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stable heating during the collection of spectra over several
hours and we provide examples of application to studies of
geophysically relevant materials.

Il. SCHEME OF THE EXPERIMENT

NFS, NIS, and SMS spectra were collected at the Nuclear
Resonance beamline (ID18) (Riiffer and Chumakov, 1996) of
the European Synchrotron Radiation Facility (ESRF). Laser
heating was performed using a portable double-sided heat-
ing system for DACs (Kupenko et al., 2012) (Fig. 1). The
system consists of two lasers which are coupled to the laser-
heating heads (UniHeads) via optical fibers. The UniHeads
combine the functions of laser beam focusing, sample obser-
vation, illumination, and optical lens for collection of the light
emitted by the sample, further analyzed by spectroradiometry
for temperature determination. However, for the NIS and NFS
experiments described below, luminescence of KCI pressure
transmitting medium prevented spectroradiometry. We used
the SPI50 modulated fiber laser as a laser source. The laser
beam was focused to a spot of approximately 50 ym in diam-
eter with a flattened intensity profile using a pi-shaper beam-
expander (Prakapenka et al., 2008).

The time dependence of the laser pulses was monitored
by Thorlabs DET36A/M biased photodiodes (Fig. 1), which
detect radiation scattered from a cover glass mounted in the
optical path of the laser. The start and duration of the gate
signals were adjusted according to the time dependence of the
laser pulse (Fig. 2). Previous studies showed that the time scale
of heat transfer in DACs is on the order of tens of microseconds
(Deemyad et al., 2005 and Goncharov et al., 2010); hence,
in order to ensure a stable temperature plateau, we excluded
the initial and final ~100 us of the laser pulse from the data
collection time windows (Fig. 2).

The basis of the acquisition scheme for the experiment
was the conventional electronics used for nuclear resonance
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FIG. 2. Timing scheme of the experiment. The time dependence of the laser
pulse (green) is monitored with a Thorlabs DET36A/M biased photodiode.
Red and blue shadings show the time gates for collection of data from hot
and cold samples, respectively.

spectroscopy experiments at the ID18 beamline. The addi-
tional electronics for a setup with time differentiated data
acquisition is shown in Fig. 3. The impulses of the detectors for
NFS, NIS, and SMS were first split using a constant fraction
discriminator (CFD) Ortec 935. Additional CFDs were then
used to gate the data from hot and cold samples (hereafter
referred to as “hot” and “cold” spectra) using the output signals
from the delay-generator for the respective time windows.
The output signals for “hot” and “cold” spectra were in turn
routed to separate counters for NIS and separate multichannel
analyzers for NFS and SMS.

For each high pressure experiment, a pressure chamber
was made in the Be (NIS) or Re (NFS, SMS) gasket (with an
initial diameter of 100 um and a thickness of about 30 um)
with KCl (NFS, NIS) or Ar (SMS) as a pressure medium

i !
ani | /]

FIG. 1. Double-sided portable laser-heating system mounted for experiments at the Nuclear Resonance beamline (ID18) at the ESRF.
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FIG. 3. Acquisition scheme for NIS, NFS, and SMS used for time discrim-
inated data collection coupled with pulsed laser heating in a DAC. Apart
from the detectors, only the electronics additional to conventional acquisition
schemes is shown. The acquisition of the data for NFS and SMS (not shown)
uses a similar scheme as the NIS branch. The output signals “hot” and “cold”
are supplied to multi channel analyzers in the case of NFS and SMS and to
counters in the case of NIS. Pulse generator: micro-controller-based pulse
generator. DG: Stanford DG 535 delay generator. CFD: Ortec 935 constant
fraction discriminator.

and a thermal insulator and a small ruby sphere as a pressure
marker.

The measurements were performed during operation in
“hybrid” mode (NIS) or “multibunch” mode (NFS, SMS) of
the storage ring (Characteristics of Beam Modes at the ESRF:
http://www.esrf.eu/Accelerators/Operation/Modes). The X-
ray beam was focused to dimensions of 3.4 um in the vertical
and 12 um in the horizontal (NIS), 3.2 um in the vertical and
13.6 um in the horizontal (NFS), or 7 um in the vertical and
14 pm in the horizontal (SMS) using multilayer mirrors in
Kirkpatrick-Baez geometry.

lll. EXAMPLES

A. Synchrotron Mdssbauer source study of &-Fe, FeO,
and Fe3C

The recently developed SMS (Potapkin et al., 2012) pro-
vides a powerful tool for the study of laser-heated material
for geophysical applications. The temperature dependence of
the centre shift (CS) in the high-temperature Debye limit is
about Av = —7.3 x 10~ mmy/s K (Maradudin et al., 1962) and,
therefore, the difference between the CS values of different
components allows measurement of the temperature of the
same atoms that are responsible for the absorption (see Ku-
penko et al., 2015). Mossbauer spectroscopy is demanding
with regard to the amount of sample; hence, sample thick-
ness is an important parameter. On the other hand, relatively
thick samples may introduce temperature gradients in experi-
ments utilizing laser-heated DACs. In order to investigate these
trade-offs, we coupled SMS measurements with time-resolved
incandescent light spectroradiometry to enable comparison of
surface temperatures from spectroradiometry with tempera-
tures determined from changes of the CS. This approach also
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provided a monitor of temperature variations over long data
acquisition times.

A 1 um thick iron foil 95% enriched in >’Fe was loaded
into the pressure chamber at ambient pressure. For high pres-
sure generation, a cylindrical-type BX-90 DAC (Kantor et al.,
2012) was used. First, the pressure chamber was compressed
to 59(1) GPa and then heated offline by lasers from both sides
for ~10 h at 1850(250) K in order to trigger any possible
chemical reactions. Second, the sample was analyzed by X-
ray diffraction. The diffraction pattern showed diffraction lines
indicating the formation of polycrystalline samples of Fe;C
and FeO together with a small amount of unreacted e-Fe. The
appearance of iron oxide can likely be attributed to minor
traces of oxygen dissolved in argon, while the source of carbon
is from the diamonds.

Finally, the sample was laser heated from both sides using
pulses with a time-averaged power of 15 W. The duration of
the laser pulses was 1 ms with a repetition rate of 0.5 kHz.
SMS spectra of the sample were collected over 30 min and
were fitted using the full transmission integral with a normal-
ized Lorentzian-squared source line shape using the MossA
software package (Prescher et al., 2012b). Taking into account
the duty cycle due to gating of the measured data results in a
net acquisition time of approximately 12 min each for the “hot”
and “cold” spectrum.

The collected “hot” and “cold” SMS spectra are pre-
sented in Fig. 4. The SMS spectrum of the cold sample can be
fitted with a superposition of absorption arising from the three
phases identified by X-ray diffraction, namely, FeO, Fe;C, and
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FIG. 4. SMS spectra of FeO, Fe3C, and e-Fe at 59(1) GPa at the indicated
temperatures as determined from the CS difference between cold and hot
samples. The solid lines show the theoretical fit and the residuals are indicated
below each spectrum.
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TABLE I. Hyperfine parameters of FeO, Fe3C, and e-Fe at 59(1) GPa at the
indicated temperatures. CS—centre shift; QS—quadrupole splitting; Bj—
hyperfine magnetic field.

Temperature Phase CS? (mmy/s) QS (mmy/s) By (T)
FesC -0.10(7) 0.59(11)

Ambient Fe -0.47(13) . ..
FeO 0.77(4) 0.25(7) 45.5(3)
FesC —1.04(6)

1700 (100) K Fe —1.52(15)
FeO —-0.26(6)

2Relative to a-Fe.

e-Fe. The hyperfine parameters of the phases (Table I) are
in excellent agreement with the literature values reported for
similar pressures (Nasu et al., 1986; Pasternak et al., 1997; and
Prescher et al., 2012a). High temperature causes a decrease
of the recoil free fraction of resonant absorption of X-rays by
nuclei, collapse of the magnetic hyperfine field and quadrupole
splitting, and a decrease of CS. The difference between CS
of the spectral components from the cold and hot materials
(1.00(8) mmy/s) is the same for all three phases within experi-
mental error and confirms heating of the material. The temper-
ature of the hot material determined from the CS difference is
1700(100) K.

The surface temperature of the sample measured using
spectroradiometry is shown in Fig. 5. The wavelength range of
640-790 nm was used for fitting the temperature (please see fit
examples in Fig. S1 of the supplementary material). Two sets
of measurements were performed using an IsoPlane SCT 320
spectrometer with a PI-MAX® 4 1024i ICCD camera from
Princeton Instruments. The first set consists of 30 time frames
measured with 50 us exposure time starting from 200 us after
a pulse from the delay generator (the pulse is at 0 ms in
Fig. 5). The second set consists of 20 time frames measured
with 1 us exposure time starting from 90 us after the pulse
in order to measure the temperature response of the sample at

2300
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2 v
2 o
L 2100 5
=] =
- — [ 8
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g } . 12000 QE)
&) e g F‘
. . i 1300
0.0 0.5 1.0 1.5 2.0

Time, ms

FIG. 5. Sample surface temperature measured using spectroradiometry from
upstream (red) and downstream (blue) sides of the DAC. Green and magenta
curves show the time dependence of the laser pulse from upstream and
downstream sides, respectively. The inset shows an expanded view of time
resolved measurements close to the start of laser pulses. Error bars indicate
the standard deviations of measurements taken at ~5 min intervals during a
30 min heating period. Temperatures not indicated were below the detection
limit.
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the start of the laser spikes. Both sets were measured several
times over a 30 min period of heating with ~5 min intervals
between measurements. The standard deviation of derived
temperature from measurements performed at different times
over a 30 min heating period is less than 100 K. Variations
in temperature within the same laser pulse during the time
interval used for collection of data from the hot sample (Fig. 2)
are also ~100 K. The spectroradiometry measurements there-
fore confirm the high temperature stability during the SMS
measurements.

We find the average temperature of the sample during
SMS data collection calculated from the CS difference be-
tween cold and hot materials to be lower than the surface
temperature measured by spectroradiometry. There are several
reasons for this difference. First, the spectroradiometry method
is more sensitive to the highest temperature due to the signifi-
cant temperature dependence of the intensity of emitted ther-
mal radiation. Second, the samples used for the current exper-
iment are opaque; therefore, the incident laser radiation is
absorbed in a thin surface layer, resulting in temperature gradi-
ents along the heating axis, with a minimum temperature along
the axis 5%-10% lower than measured (Campbell ez al., 2007).
Finally, the recoil free fraction becomes smaller with temper-
ature, which suppresses absorption from the hottest parts of
the sample and therefore slightly shifts the determination to-
wards lower temperatures in calculating the average tempera-
ture from the difference in CS values.

Our results clearly demonstrate that temperatures mea-
sured using the commonly used spectroradiometry method
should be applied with caution in experiments where laser
heated DACs are probed with techniques utilizing a relatively
large X-ray beam.

B. Nuclear inelastic scattering study of FeCO3;

NIS is a powerful tool for the study of lattice dynamics
that provides a full dynamical and thermodynamic sample
characterization (Chumakov and Sturhahn, 1999). Further-
more, it is ideally suited for monitoring of heating processes,
because it provides an intrinsic thermometer. The nuclear in-
elastic absorption may occur with either creation or annihila-
tion of phonons. These processes obey Bose-Einstein statis-
tics, i.e., for any particular energy E, the ratio of probabil-
ities for phonon creation (positive part of the spectrum) and

phonon annihilation (negative part of the spectrum) is equal
|E]

to e*BT, where kp is the Boltzmann constant and 7T is the
temperature (see Chumakov and Riiffer, 1998). Therefore, the
NIS technique provides a measure of the sample temperature.
In order to demonstrate time differentiated NIS coupled with
pulsed laser heating in a DAC, we selected FeCO3, the iron
end-member of the mineral solid solution magnesite-siderite.
This solid solution is currently considered to be one of the most
likely carbonate phases to occur in subducting slabs at mantle
conditions (Lavina et al., 2009). Carbonates are involved in
the Earth’s deep carbon cycle through subduction processes;
hence, studies of the vibrational, elastic, and thermodynamic
properties of these materials are important for interpreting
seismological observations on subducted slabs (Merlini et al.,
2012).
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Single crystals of FeCO;3 with 95% >’Fe enrichment were
synthesized in a multi-anvil apparatus at Bayerisches Geoinsti-
tut at 18 GPa and 1600 °C from a starting material of STFeC,0,
powder. The complete protocol of sample synthesis is reported
by Cerantola er al. (2015). For high pressure generation, a
panoramic DAC constructed at Bayerisches Geoinstitut was
used. This type of cell provides a wide opening for detection of
the inelastic scattered radiation through the beryllium gasket,
perpendicular to the incident beam propagating through the
diamond anvils along the cell axis. Several single crystals of
5TFeCO; (with dimensions of ~0.01 x 0.01 x 0.01mm?>) were
loaded into the DAC pressure chamber. The pressure chamber
was compressed to 25(4) GPa and then heated by the laser
from one side with a time-averaged power of 6.2 W. The laser
pulse duration was 0.5 ms with a repetition rate of 1 kHz. The
energy bandwidth of the high resolution monochromator was
2.3 meV. Two avalanche photodiodes were inserted through
the panoramic windows of the DAC to collect the inelastic
radiation scattered perpendicularly to the synchrotron X-ray
beam. The energy dependence of the nuclear inelastic scatter-
ing was measured in the energy range —80 to 100 meV around
the ’Fe nuclear resonance energy of 14.4 keV with an energy
step of 0.2 meV. Eight spectra were collected over 40 min
each and then summed to obtain the final spectrum. Taking
into account the duty cycle due to gating of the measured data
results in a net acquisition time of approximately 16 min for
each “hot” and “cold” spectrum. In order to improve the signal
to noise ratio, the final spectrum was binned to a 1 meV grid.

The collected “hot” and “cold” spectra are presented in
Fig. 6. Heating causes a decrease of the recoil free fraction
of resonant absorption of X-rays by the nuclei. Consequently,
the integrated intensity of the NIS spectra (excluding the
central elastic peak) increases. The temperatures derived from
the detailed balance law for the hot and cold sample are
920(150) K and 340(30) K, respectively. The derived par-
tial reduced density of phonon states of iron for hot and
cold sample is presented in Fig. 7. Extrapolation of the low
energy region to zero energy allows a derivation of Debye
sound velocities (Vp) (Achterhold et al., 2002). Combining the
derived Vp with the bulk sound velocity enables a calculation
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FIG. 6. Energy dependence of nuclear inelastic scattering of >’FeCOj at
25(4) GPa and different temperatures. Cold sample is 340(40) K, while
hot sample is 900(140) K. Temperatures were determined from the detailed
balance law.
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FIG. 7. Partial reduced phonon density of states (RDOS) of iron for FeCO3
at 25(4) GPa and the indicated temperatures. The dashed line shows the
extrapolation of the low energy region to zero energy.

of the compressional (V;) and shear (V) wave velocities (Lin
et al., 2005). For the calculations, we used the thermoelastic
parameters of siderite from Litasov et al. (2013). Extracted
Vb, Vp, and V; values for FeCOs are listed in Table II. Sound
velocities for the hot and cold samples are indistinguishable
within experimental error and are significantly lower than
sound velocities for the bulk mantle determined from seismic
data (Dziewonski and Anderson, 1981). The results of our
study imply that low velocity zones at shallow depths in the
lower mantle observed by seismic tomography (Houser et al.,
2008) could arise due to iron-bearing carbonates in subducting
slabs, regardless of their temperature.

C. Nuclear forward scattering study of hematite

Atambient conditions hematite is arhombohedrally struc-
tured wide gap insulator (Hubbard, 1964) with a Néel temper-
ature (Ty) of 956 K (van der Woude, 1966). It is one of

TABLE II. Debye (Vp), compressional (V}), and shear (Vi) wave velocities
of FeCOs at 25(4) GPa and the indicated temperatures.

T (K) Vb (km/s) Vp (km/s) Vs (km/s)
340(30) 4.57(10) 8.12(12) 4.07(8)
920(150) 4.52(10) 8.01(13) 4.03(9)
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the dominant phases in banded iron formations (Dobson and
Brodholt, 2005) and studies of its properties at high pressure
and high temperature are important to understand the fate of
subducted banded iron formations. Structural transformations
(Bykova et al., 2013; Dubrovinsky ef al., 2010; Ito et al., 2009;
Liu et al., 2003; and Shim et al., 2009) as well as magnetism
and electronic configuration (Badro ef al., 2002 and Pasternak
etal., 1999) of hematite at high pressures have been intensively
investigated over the last decades. However, information on
the pressure dependence of Ty (which is relevant to the effect
of pressure on electronic structure) is lacking. Here, we report
an in situ high-pressure high-temperature investigation of a-
Fe,;03 magnetism using NFS.

A cylindrical-type BX-90 DAC (Kantor et al., 2012) was
used to generate high pressure. Polycrystalline Fe,O3 (~15 um
sample thickness) with 95% 3'Fe enrichment was loaded
into the pressure chamber. The chamber was compressed to
23(3) GPa and then laser heated from one side with a time-
averaged power of 8 W. The laser pulse duration was 0.5 ms
with a repetition rate of 1 kHz. Time spectra of NFS were
collected over 30 min and were fitted using the CONUSS pack-
age (Sturhahn, 2000). Taking into account the duty cycle due
to gating of the measured data results in a net acquisition time
of approximately 12 min for each “hot” and “cold” spectrum.

The time spectrum of NFS of the cold sample (Fig. 8(a))
shows high frequency quantum beats arising from magnetic
hyperfine interactions. It can be fitted with a single component
with a magnetic hyperfine field (Byys) of 51.4(1) T, consistent
with previously reported values (Pasternak et al., 1999 and
Shim et al., 2009). The spectrum of the sample at high temper-
ature (Fig. 8(b)) shows a more complicated pattern that can
be fitted by two magnetic components: one with By equal to
51.7(2) T and the second with By, equal to 39.0(3) T. By of the
first component is the same as that for the component from the
“cold” spectrum, and, therefore, is considered to correspond
to material that remained unheated due to one-sided heating
with low power, while the second component corresponds to
the hot material. The spectrum was fitted assuming that the
scattering arising from hot and cold material is coherent, which
means an axial temperature gradient in the DAC. The fraction
of the hot material within the X-ray beam is predominant: its
relative contribution is 55(3)%, even without consideration of
the temperature effect on the recoil free fraction, which reduces
with temperature (Giitlich et al., 2011).

The CS of different components corresponding to differ-
ent parts of the sample enables determination of temperature
in those parts of the sample (see Section III A). Based on
the CS difference between low-By, and high-B;; components
(0.83(4) mmy/s) from the “hot” spectrum, we determined the
temperature of the hot material to be 1400(70) K. The compo-
nent assigned to hot material is still magnetically ordered, indi-
cating that Ty of Fe,O3 increases with pressure to well above
1400 K. The phase boundary of the transition of corundum-
structured a-Fe,O3 into a RhyO3-1I type phase (Ito et al.,
2009) crosses the geotherm (Katsura et al., 2010) at ~18 GPa
and 1900 K. For colder subduction slabs, the transition pres-
sure is even higher. While a detailed pressure dependence
of Ty of a-Fe,O3 remains to be investigated, our observa-
tion of magnetically ordered hematite at 23 GPa and 1400 K
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FIG. 8. Time spectra of nuclear forward scattering of Fe,O3 at 23(3) GPa
at (a) room temperature and (b) T = 1400(70) K. The temperature was deter-
mined from the difference between the CS values of the two components. The
solid lines show the theoretical fits, while the insets show the corresponding
energy spectra calculated from the fits.

demonstrates that it could play a role in magnetism of the
Earth’s deep interior.

IV. CONCLUSION

We have shown the feasibility of time differentiated mea-
surements coupled with pulsed laser heating in DACs for
experiments with long data acquisition times. We presented
examples of application of the method to in situ studies
of geophysically relevant materials using nuclear resonance
spectroscopy. We showed that temperatures measured by the
commonly used spectroradiometry method could be notably
higher than the bulk temperature of the sample probed by
a relatively large X-ray beam. We derived sound velocities
of FeCO;3; and showed that iron-bearing carbonates could
contribute to low velocity zones in the shallow part of the
lower mantle. We observed that the Néel temperature of Fe,O3
increases to a value well above 1400 K at 23 GPa, suggesting
its possible role in magnetism at depths of the transition zone
and the shallow lower mantle. The possibility to use time
gates for the collection of spectra from the sample during
pulsed heating enables the same part of the sample to be
probed in both the hot and cold state. Pulsed heating reduces
the risk of undesirable chemical reactions, and thus provides
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improved stability of heating. The approach can be applied
to other laser-pump-probe experiments with X-ray techniques
requiring long acquisition times, for example, X-ray emission
and X-ray absorption spectroscopy.
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