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Abstract: The microscopic arrangement of different minerals in ores is of high interest for mine
planning, mineral processing and extractive metallurgy. Many economically important, naturally
occurring minerals are highly absorbing semiconductors. To characterize these materials, we have
implemented pump-probe laser scanning microscopy (LSM) in a two-lens reflective configuration
that offers efficient collection of signal light by using a combination of galvanometer and sample
stage scanning. We show that the short-time (~10 ps) pump-probe response of a material allows
us to distinguish economically important sulfide minerals.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Planning new mines and optimizing mineral processing and metal extraction from ores increasingly
utilizes high-throughput microscopic imaging for discrimination of mineral types (automated
mineralogy) [1] with application-optimized scanning electron microscopes employing energy
dispersive X-ray spectroscopy (SEM-EDS) being the primary tool of choice [2—4]. In this type
of microscopy, samples are ground into particles that are dispersed and embedded in resins.
Alternatively, samples can be prepared as sections which are polished prior to imaging. These
approaches can be supplemented by optical identification of minerals by skilled mineralogists.
Optical mineralogy relies on polarization and color sensitive techniques in both reflection and
transmission of polished thin sections which are typically 30 um thick [5]. We have recently
demonstrated [6] that nonlinear optical microscopy can provide complementary information
to more traditional approaches; by using second harmonic generation (SHG) and stimulated
Raman scattering (SRS) microscopy it is possible to provide contrast for economically relevant
ores. These techniques, however, cannot be readily applied to minerals that significantly absorb
light at the laser wavelengths. Many minerals of interest to industry are opaque and thus not
compatible with transmission imaging modes [7-9]. Recently, pump-probe microscopy in both
transmission and reflection has been demonstrated for a range of absorbing materials both
biological and mineral [10-15]. In this approach one pulsed laser (the pump) excites the sample,
initiating a time-varying change in the reflectivity of the sample which is then detected by a
second time-delayed probe pulse. Transient reflectivity measurement in a non-imaging mode for
characterization of semiconductors is well known in solid-state physics [16-21].

Here we demonstrate that pump-probe microscopy can be used to discriminate opaque sulfide
minerals, an economically important class of minerals in ore deposits. Our approach uses
collinear pump-probe beams through an oblique illumination geometry similar to selective plane
illumination microscopy (SPIM) to efficiently collect reflected light from the surface. This new
geometry reduces laser power requirements and allows polarization sensitive measurements
while enabling rapid imaging at high spatial resolution. We use the time response of known
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materials as a kernel for mapping different image regions to identify sulfide minerals, offering
comparable contrast to that achieved using SEM-EDS.

2. Materials and methods

2.1.  Pump-probe reflection mode laser scanning microscopy

A schematic of the reflective imaging set up is shown in Fig. 1. A femtosecond laser system
(InSight DS+, Spectra-Physics, USA) produced two synchronized pulse trains at 80 MHz. The
first output, the pump, was at a fixed central wavelength of 1040 nm with a pulse duration of
~220 fs, and the second output, the probe, was tunable over the range 680-1300 nm with pulse
duration of 100-120 fs. For all experiments here, the tunable wavelength was set at 900 nm. An
amplitude modulation (square wave with 50% duty cycle at 1 MHz) was applied to the 1040
nm beam by passing it through a Pockels cell (350-160, Conoptics, USA) driven by a function a
generator (DS345, Stanford Research Systems, USA) before the beams were recombined and
sent to the laser scanning setup.

Slow axis stage movement

Sample
Objective lens \ filters
\\g %/

v o Y4

N\
\\\\\\\\ / /" Photodiode

Scan lens

W
Pockels Cell '/,\\

Experiment control
Fast axis Scanner Data acquisition

Function Generator Lock-in amplifier
Reference signal

Fig. 1. Schematic of the reflective mode laser scanning microscope. DM is dichroic mirror.
PD is photodiode. The slow axis scanning is via a voice coil stage while the fast axis
scanning is via a galvanometer.

For imaging, the fast axis was scanned by a single galvanometer (Thorlabs GVS001 with 50
mm achromat scan lens and 200 mm achromat tube lens) which creates a beam of approximately
15 mm and closely matching the back aperture of the objective. The slow axis was scanned by
moving the sample stage at 0.105 Hz (9.5 seconds per 512 x 512 pixel frame) (Physike Instrumente
V-528 voice coil stage and C-413 PIMag motion controller). Co-ordination of the scanning with
data acquisition was through the Scanlmage software [22]. For both illumination and collection,
long working distance, NIR objectives were used (Mitutoyo 20X Plan Apo NIR 0.40 N.A. 20
mm W.D.) and aligned at 45° to the sample using a modified single plane illumination geometry
objective mount (RAO-0046, Applied Scientific Imaging, Eugene, OR). Because of the angled
geometry, the polarization of both beams at the sample surface was 45° to the plane of incidence
(i.e. between S- and P-polarizations). The pump beam was blocked by a combination of a
bandpass and notch filters (BrightLine 850/310, Semrock, USA and 1064-71 NF, Iridian, Canada)
while the probe beam was detected using an amplified photodiode (PDA100A, Thorlabs, USA
with gain set at 0dB and specified bandwidth of 2.4 MHz). The photodiode output was sent to a
lock-in amplifier (UHFLI, Zurich Instruments, A/C coupled with 50 ohm input load) which was
referenced to the function generator controlling the Pockels cell. The relative phase between
the signal and reference of the lock-in amplifier was adjusted to zero by removing the blocking
filters and reflecting an attenuated pump beam directly onto the photodiode. In most cases both
the in-phase (X) and quadrature (90 degree out-of-phase, Y) signals were recorded using a time
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constant of 29 ps, similar to the pixel dwell-time of 27.6 ps. Unless otherwise noted, the average
laser power of each beam at the sample was 2.5 mW (32 plJ/pulse and 65 pJ/pulse for probe and
pump respectively).

2.2. Image data analysis

The change in reflectivity as a function of pump-probe delay was recorded for every pixel, giving
a 3D data set. To segment the image, kernel functions were generated by taking the time response
of a pixel or group of pixels. The degree of similarity with different kernels was then established
by performing a cross-correlation analysis similar to that of van de Merr and Bakker [23]. While
this method does not uniquely identify the mineral in a particular region, it is insensitive to
variations in intensity and provides a robust method of segmenting images. By comparing the
kernel function with the time responses of known materials, it is then possible to assign a mineral
type to a region. Our current approach makes use of the entire temporal response of the data
set which takes ~5 minutes to collect. Alternative schemes for classification of 3 dimensional
image data sets could be employed to reduce data collection time [10,24]. After segmentation,
additional image processing was performed using ImageJ/FIJI [25].

2.3. Samples

Chalcopyrite, galena and molybdonite mineral samples were from the “Canadian Rock and
Mineral Set” from Ward’s Science (Rochester NY) and were prepared as polished sections by
Vancouver Petrographics. Flakes 1-10 mm in size were broken or sawn from the rocks before
being mounted in resin and polished. A naturally occurring cubic crystal of pyrite was a gift of
Stephanie Higgins and Neil Van Lieu of Areté Associates and was similarly prepared. Before
imaging, samples were polished gently with 8000 grit polishing paper and wiped with methanol
and allowed to air dry. Natural gold ore polished thin sections (30 um thickness) were a gift from
Tassos Grammatikoplous of SGS Canada.

3. Results and discussion
3.1. Oblique-angle reflection mode pump probe microscopy

We adapt a single plane illumination microscope with the illumination and collection objectives
set at oblique angles to the sample. Since the focus of only one optically-scanned line of the first
objective lies on the plane of the sample surface, we employ a galvanometer scanner that can
operate at speeds of several hundred Hz to scan this line. The slow axis has a scan frequency
of less than 1 Hz which can be readily implemented by moving the sample stage. In this
configuration all reflection angles between the pump and probe that are contained within the
numerical aperture of the two objectives are collected. It is possible to have different illumination
and/or collection angles and to utilize different objectives on the illumination and collection side.
One restriction of this setup is determined by the working distance of the objectives since this
could limit sample size due to geometric constraints. Here, we have used long working distance
objectives so that the bottom surface of the sample sits entirely above the barrels of the objectives.

This setup offers a few advantages over other normal incidence illumination through a beam
splitter. Because the incoming and reflected beams have independent light paths, it is possible to
arbitrarily set the polarization of the pump and probe while also performing polarization resolved
measurements akin to pump-probe ellipsometry [26]. Additionally, nearly all of the incoming
light reaches the sample and is collected, lowering the input power requirements compared to
setups with beam splitters in the illumination arm; this reduced power requirement allows a wider
range of laser sources to be utilized for practical applications.
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3.2.  Imaging characteristics

For pump-probe imaging of geologic materials, a change in the transient reflectivity is apparent at
all time delays due to a mix of instantaneous nonlinear effects, electron-hole dynamics, phonons,
and thermal relaxation (including expansion of the solid matrix). The diverse nature of these
responses results in image contrast for a wide range of time delays. For example, when examining
a sulfide containing thin section (natural gold bearing ore) substantial structural details are
visible in both the in-phase (labeled x) and quadrature (+90° out-of-phase, labeled y) channels as
shown by the single, unaveraged images in Fig. 2(a) and 2(b). Some of the detail appears to be
unrelated to the mineral type and could be due to other effects such as local heating and nanoscale
electron-confinement effects of small features. Nonetheless, there do exist large regions in the
image which have distinct temporal responses as is illustrated in Fig. 2(c). The spatial variability
of the t<0 response in both the in-phase and quadrature channels reflects that image contrast is
achievable for all settings.

(]

[
1f
b 1
§0,5 —ROI 1 x
2 —ROI1y
& ROI2 x
o 0 —ROI2y
5
N
©
£
5-05
27
— ]
0 10 20 30

Time Delay (ps)

Fig. 2. Single frame at 23 ps delay of the in-phase (x) channel (a) and quadrature (y) channel
(b) images of a natural high-sulfides gold ore polished thin section showing typical details of
this form of imaging. Regions of interest (ROIs) are indicated. (c) Normalized response of
the in-phase x and quadrature y channels from the regions indicated in the picture.

3.3.  Power scaling and time response

Looking at Fig. 2, we see that for delay times t>0, when the probe arrives after the pump, there
are different fast responses which vary spatially across the image. Additionally, for t<0, that is
the probe arrives before the pump, there is signal present that is due to long-lived excitations
which could arise from a host of processes such as decay to a metastable excited state yet for these
samples, given the time delay between pulses, are likely thermal effects. Indeed, thermoreflectance
imaging and time-domain thermoreflectance (TDTR) use the change in reflectivity of a material
due to heating to either map temperature changes in a sample (thermoreflectance imaging) [27]
or characterize thermal properties such as thermal conductivity (TDTR) [28,29]. The quadrature
signal can be significant for TDTR yet is relatively insensitive to time delay, as we see here.
The signal from thermal processes will depend on the material being studied as well as thermal
conductance across boundaries. In natural materials where thermal transport can be highly
variable, this results in a non-uniform “background” signal. To test the influence of the thermal
background on the short time response we measured both responses as a function of input pump
and probe powers on pyrite samples with typical in-phase signals illustrated in Fig. 3(a). If we
assume that the response at t<0 is due to thermal effects, we can determine how it scales and
subtract it from the t>0 electronic response (see Fig. 3(b)). We find that the thermal response
measured at t<0 scales linearly with both pump and probe power (Fig. 3(d), open circles).
With the thermal response removed, we can normalize the electronic response using either the
minimum (not shown) or maximum (Fig. 3(c)) and find that all responses collapse to a single
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master curve as would be expected for purely linear responses. Looking at the power scaling, we
find that the electronic response also scales linearly with the pump and probe powers (Fig. 3(d),
diamonds) but with a different scaling coefficient than the thermal response.
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Fig. 3. Power scaling response from pure pyrite. a) The in-phase pump-probe response
for different input powers. b) The in-phase response with the t<0 response subtracted from
all time delays. ¢) In-phase response normalized by the maximum signal after background
subtraction. d) The t<0 signal and the maximum signal after background subtraction as a
function of input pump and probe powers. Some data points are not visible due to overlap.
Black lines are a guide to the eye showing the linear regression of the data. For all plots,
blue is 1.7 mW pump, 2.8 mW probe; red is 3.4 mW pump, 2.8 mW probe; green is 5.1 mW
pump, 2.8 mW probe; yellow is 3.4 mW pump, 1.4 mW probe; and purple is 2.8 mW pump
and 4.2 mW probe. Pump is 1040 nm and probe is 900 nm.

3.4. Transient reflectivity of natural sulfide minerals

As shown in Fig. 2, the temporal response of different regions of the sample can vary greatly,
potentially allowing for materials to be identified using a basis set of mineral responses. Here,
we test four natural semiconductor mineral samples which are industrially relevant: pyrite
(FeS,), chalcopyrite (CuFeS,) [30], galena (PbS) and molybdonite (MoS,). We find that each
sample tested has a distinct transient reflectivity temporal response (Fig. 4). Pyrite decreases
in reflectivity during the pump and probe overlap followed by an increase in reflectivity with
subsequent complex temporal dynamics with showing a decaying oscillatory response with a
period close to 7 ps overlaid with a more gradual decay time. The oscillatory response is likely
due to phonon dynamics and have been reported before [31-33]. Chalcopyrite has a strong
increase in reflectivity that occurs when the pump and probe are overlapped that increases slightly
after reaching a minimum. Molybdonite has a sharp decrease in reflectivity during overlap of the
pump and probe followed by a rapid recovery to its baseline behavior. There are a number of
pump-probe studies on MoS; that show a range of responses in pump-probe measurements at
different wavelengths which are consistent with our results [34,35]. Most current interest is in the
few layer forms of this material and at higher photon energies than used here. Galena (PbS) shows
a decrease in reflectivity which rises during the pulse overlaps and decays with a characteristic
time of around 75 ps which is consistent with a number of studies on PbS nano-materials [36].
Note that in each case, apart from variations in intensities within the image field, there are also
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variations in the temporal response (especially at t<0) likely due to high degree of variability in
defects and polarization response in natural materials. However, the responses in the few ps time
scale are largely consistent with mineral type and useful for classification of mineral types.
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Fig. 4. 30 ps time scale measurement of in-phase responses of different mineral types
in a pump (1040 nm) probe (900 nm) configuration. Background at t<0 subtracted before
normalization.

3.5. Imaging of sulfides minerals in naturally occurring ore rocks

To validate our approach on an economically-relevant sample, we imaged a gold ore sample
containing pyrite (FeS;) and chalcopyrite (CuFeS;) among other components. We characterized
the sample using SEM-EDS to identify the different materials. Quantitative EDS spectra were
analysed in a number of regions to verify the mineral identity. The backscattered electron image,
which is collected as part of SEM-EDS analysis, is shown in Fig. 5(a). The Fe and Cu abundance
from the EDS maps are mapped using green and red respectively in Fig. 5(b). EDS spectra
confirm the green regions as pyrite while the yellow regions, containing Fe and Cu, are identified
as chalcopyrite. We used pump-probe microscopy to study the same region using a 40 ps time
delay scan that encompasses both t<0 and t>0 responses. Three distinct time responses were
identified with the ROIs being highlighted in Fig. 5(a). One response is similar to that for
pyrite whereas the other two responses are reminiscent of that for chalcopyrite but with either a
positive or negative offset as evidenced by the t<0 response (see Fig. 5(c)). If the full response
of each region is used as a kernel for a cross-correlation analysis, it appears as if there are three
distinct species within the field of view (not shown); however, if a cross-correlation analysis is
performed using only the electronic response, that is if the t<0 response is taken as an offset and
subtracted, only two species are identified. Comparing with Fig. 4, these two responses appear
to be either pyrite-like or chalcopyrite-like. Using these two short-time responses to perform a
cross-correlation analysis and identify all similar regions in the image, we obtain two images
showing regions with either a pyrite-like or chalcopyrite-like response. To facilitate comparison
with the SEM-EDS image, we merge the two images with pyrite-like regions colored green and
chalcopyrite-like regions colored red (Fig. 5(d)). If we compare our identification of the species
using SEM-EDS and pump-probe microscopy we find an excellent agreement, demonstrating that
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pump-probe microscopy can be used to segment and identify different sulfide mineral species in
natural samples.
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Fig. 5. An area about 0.5 x 1.5 mm of a polished thin section of gold-ore containing sulfide
minerals was imaged by SEM-EDS and reflection pump-probe over a total of 40 ps inter
pulse delay. a) Back-scattered electron image with ROIs highlighted. b) Red-green (RG)
merge of quantitative images derived from Cu (R) and Fe (G) from the SEM-EDS data set.
In this image preparation chalcopyrite, with both Cu and Fe, appears yellow, while pyrite,
with Fe but no Cu, is green. c) In-phase temporal response from the ROIs indicated. d)
Red-green merge with cross-correlation with chalcopyrite-like response (R) and pyrite-like
response (G) highlighted.

4. Conclusion

For geological applications, many ores of economic interest contain semiconductors (such as
sulfide minerals) and are typically characterized using SEM techniques. Pump-probe microscopy,
which is finding increasing use in a range of fields, can provide a contrast mechanism based on
different physical properties that could offer enhanced sensitivity, for example for minerals that
exist in different crystal forms. We have shown that in natural materials, even in the presence
of a highly heterogeneous background, it is possible to “fingerprint” different minerals using
pump-probe imaging. In the current implementation, we do not distinguish between processes
which contribute to the t<0 response. The ability to isolate the short time dynamics enables
the application of pump-probe fingerprinting to natural ores which can vary greatly in terms
of thermal contact to their environment, grain structure, and defects which can all affect the
long-time response of a mineral.

While the present study has only discriminated four different minerals, existing work on
understanding and modeling of economically relevant semiconductors, including both sulfides
and oxides [7-9], suggests that this approach could be more widely applicable. Unfortunately, to
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the best of our understanding, there is currently no general theoretical approach that would allow
a prediction of pico-second time scale transient reflectivity from knowledge of the structural
details of a solid and thus more standard techniques are necessary for calibration. Nonetheless,
the physical basis for mineral identification in pump-probe microscopy is distinct from the
elemental spectra of SEM-EDS. This may provide a novel method for identification of elementally
similar minerals such as crystal-habit forms of pyrrhotite that have significant influence in
mineral processing [37,38] and are difficult to distinguish by SEM-EDS. Similarly, as currently
implemented this approach is largely confined to measuring surface properties which are, in
turn, critical to determining mineral hydro-metallurgical processing behavior. It is also worth
noting that any our approach is applicable to wet samples which are commonly used in mineral
processing and cannot be characterized using SEM-EDS.

To facilitate more wide-spread use of pump-probe imaging of opaque materials, we have
implemented a new scanning microscopy geometry. Typically, in pump-probe imaging, either
the stage is scanned or a laser-scanning confocal microscope is used. Stage-scanning speed is
constrained by the inertia of the stage. Laser-scanning microscopy of opaque materials at normal
incidence requires that a beam splitter be placed in the optical path. A non-polarizing beam
splitter can be used at the cost of loss of laser energy and decreased detection efficiency or a
quarter wave plate-polarizing beam splitter combination can be used at the cost of being unable to
arbitrarily set the polarization of the beams at the sample. Our approach combines stage scanning
and laser scanning and offers practical advantages for studying opaque materials. For example, the
polarization states of both the incident and reflected light can be easily controlled or characterized
and the full laser power is usable for scanning, significantly relaxing the requirements for the
laser source used. While stage scanning is still used, this constraint is relaxed considerably
as only the slow axis is scanned. Additionally, this geometry is easily adapted to imaging of
moving samples such as roll-to-roll processing (for example [39]) or in flow-sheets that are used
in mineral processing.
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