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Project summary

Significant accomplishments:

The following groups of have been acquired: (A) Inert Gas Purgeable Furnace EW-33854-15
(Cole-Palmer) and XRD system D2 Phaser (Bruker); (B) UV-VIS-NIR-IR Spectrophotometer
system: Shimatzu 2600, Nicolet iS5 (Thermo Scientific), and Ava-Raman-785TEC-USB2
(Avantes); (C) PQ-NO4 Planetary Ball Mill PQ-N04 (Across International); (D) Radiometer
System: ISR-2600Plus two-detector integrating sphere (Shimatzu), Spectral radiometer GS-
001X/ GS-002EX (SSSOT), Laser Power Meter FieldMaxIl with Sensors (Coherent); (E)
Analyzer of Optical Response AOR-001X/ AOR-002EX (SSSOT); (F) Optical Fiber Splicer
System: Fujikura 12S+CT-30 and LFS-004 (SSSOT); (G) Optical Fiber Spectrum Analyzer
MS9740A (Anritsu) and Digital Pulse Generator DG53502 (Stanford Research).

The acquired instrumentation has been critical in the completion of the research project “New
nanomaterials for high power fiber lasers” sponsored by DoD through research Grant #
WO911NF-14-1-0134 (from March 2014 to April 2016). The major accomplishments are the
following:

1) The role of post-synthetic baking (with the help of the acquired furnace) of Rare Earth
phosphor NaYF.: Yb**, Er** was investigated in detail using the acquired XRD instrument. One-
hour baking of the freshly synthesized powder within the temperature range between 400 and
600°C lead to the transition from the cubic a-phase to the hexagonal -phase of the host NaYF,
that was favorable for the up- and downconversion emission of the phosphor being pumped with
980-nm radiation.

2) Optical properties of the synthesized laser material, such as the spectrum of the optical
absorption bands and the quantum efficiency of the radiation, were investigated using the
acquired spectroscopic and radiometric instrumentation. The synthesized phosphor had a strong
absorption band around 977-nm suitable for pumping with a 980-nm laser diode. The quantum
efficiency of upconversion radiation was measured to be 0.56% (of the same order of magnitude
as the best reported in the literature).

3) The two-stage ball-milling process of pulverization of the phosphor micro-powder in a
nanocolloid was developed and refined with the help of the ball milling instrument. Two-stage
ball-milling with 5-mm and 0.5-mm Zirconia balls in Zirconia cups resulted in resulted in the
nanoparticles of ~ 100-nm diameter.

4) A nanocolloid optical fiber amplifier was built using the acquired fusion fiber splicing
instrumentation. Experimental setup was developed and tested for the investigation of
nanocolloid optical fiber amplifiers and lasers using the acquired optical spectrum analyzer and
pulse generator. All the major effects of the operation of the Erbium (three-level) based
nanocolloid gain media were observed and verified by comparison with the literature data.

5) Additionally, the synthesized phosphor was explored as a basis for chemical sensors with
the help of the instrumentation analyzing its optical response to air pollutants such as ammonia.
The sensitivity of the experimental sensor was ~ 0.4% of ammonia with 5-min time response.
Future plans:

1) Further development of an efficient Rare Earth phosphor nano-material and building a
prototype of a nanocolloid fiber amplifier/laser based on the synthesized material.

2) The development of the prototype of the chemical sensor of various air and water
pollutants using the developed phosphor material and for chem- and bio-defense.



Figure captions

Figure 1. XRD spectrum of the synthesized powder of NaYF,: Yb**, Er** at various baking
temperature. 1 — the reference XRD spectrum (calculated line pattern — JCPDS card No. 77-
2042) of NaYF, a —phase (cubic); 2 — XRD spectrum of the synthesized powder of NaYF4: Yb**,
Er®* without baking; 3 - XRD spectrum of the synthesized powder of NaYF4: Yb**, Er** baked
for 1 hour at 300°C; 4 - 400°C; 5 - 500°C; 6 - 600°C; 7 - 700°C; 8 - 800 °C; 9 — the reference
XRD spectrum (calculated line pattern — JCPDS card No. 28-1192) of NaYF, f —phase
(hexagonal).

Figure 2. Optical absorption spectrum of the NaYF4: Er**, Yb* micro-powder taken with UV-
VIS-NIR spectrophotometer Shimatzu 2600.

Figure 3. Size distribution of the nanocolloid of NaYFs: Er**, Yb** in CCl, (ball-milled with 5-
mm and 0.5-mm balls) obtained with the dynamic light scattering (DLS) measurement (Zetasizer
90). The nanocolloid was filtered through one-micron filter. Solid and dashed lines correspond to
two sets of measurement data.

Figure 4. Block diagram of the experimental setup to measure the quantum efficiency of the RE
phosphor (a) and the photograph of the integrating sphere and the Spectral Radiometer GS-
001X/ GS-002EX of the Radiometer System (b).

Figure 5. Diagram explaining the principle of operation of the polymer composite film
containing the developed RE phosphor as the sensor of ammonia.

Figure 6. Schematic of the experimental setup to investigate the RE phosphor impregnated films
for sensing ammonia using the Analyzer of Optical Response AOR-001X/A0OR-002EX.

Figure 7. Photograph of the experimental setup to investigate RE phosphor based films for
chemical sensing with the major components of the Analyzer AOR-001X.

Figure 8. Top view of analyzer AOR-002EX with open cover.

Figure 9. Time plot of the response of the sample nano-composite RE based reagent film to the
exposure to 5% ammonia in air.

Figure 10. Ammonia concentration plotted versus the sensor output. Solid line presents the
approximation quadratic calibration curve.

Figure 11. Image of the nanocolloid optical fiber amplifier based on a hollow fiber filled with the
nanocolloid of RE phosphor NaYF4: Yb*", Er** in a high-index liquid. The bright trace of visible
light is produced by the upconversion emission from the nanocolloid pumped with a 980-nm IR
radiation entering the fiber from the left. The pump radiation is delivered via a 980/1550-nm
single-mode optical fiber spliced to the hollow fiber using Optical Fiber Splicer System
including Fujikura 12S+CT-30 fusion splicer and LFS-004 (SSSOT) splicer/integrity tester.



Figure 12. Experimental setup to characterize a nanocolloid fiber amplifier using Optical Fiber
Spectrum Analyzer MS9740A (Anritsu) and Digital Pulse Generator DG53502 (Stanford
Research).

Figure 13. Output pulsed signal (1550 nm) for pump power: 0 mw (1) and 4.0 mW (2).
Figure 14. Gain versus pump power for input signal: 0.05 mW (1); 0.1 mW (2); 0.15 mW (3).

Figure 15. Gain versus input signal for pump power: 129 mW (1); 217 mW.
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1. Introduction

High average power fiber lasers and amplifiers have numerous industrial, scientific, and defense
applications. Defense applications include laser-based weapons, laser-induced spark, and lidar.
The small size and high optical-to-optical efficiency of fiber lasers and amplifiers also makes
them promising components for scalable high-power laser systems employing spectral or
coherent beam combination, but the output power and energy from individual fiber lasers have
yet to reach their full potential. The main limitations for scaling fiber lasers and amplifiers to
higher power and higher energy are nonlinear optical effects within the active gain fibers and
thermal failure due to extremely high power densities of the pump and laser radiation. In order to
overcome the limitations Dr. D. Patel from Oakwood University, the PI, has been conducting
research project “New nanomaterials for high power fiber lasers” sponsored by DoD through
research Grant W911NF-14-1-0134 (from March 2014 to April 2016). The goal of this
instrumentation project was to support the research efforts of Dr. Patel with the necessary
research instrumentation and improve the capabilities of the Oakwood University in the direction
of new laser nanomaterials and nanophotonics related to the DoD needs.

2. Significant accomplishments

This section describes the acquired instrumentation and the major research results obtained with
it. The results are relevant to the research effort of Dr. Patel in the direction of new
nanomaterials for high power fiber amplifiers and lasers.

2.1. Inert Gas Purgeable Furnace EW-33854-15 (Cole-Palmer) and XRD system D2 Phaser
(Bruker)

As a source material for the laser nanocolloid medium was chosen the Rare Earth (RE)-doped
compound NaYFs: Yb**, Er**. The rationale behind this choice is the following. The efficiency
of conversion of the energy of pump radiation (usually from a 980-nm laser diode) to the laser
radiation greatly depends on the host for the RE ions. Popular modern highly efficient RE based
laser materials use hexagonal-phase crystalline NaYF, (5-NaYF,) as the host material due to the
low phonon energy of the crystal lattice that minimizes the non-radiative multi-phonon
relaxation process of the excited RE dopants. The three-valent ion of Yb acts as a “synthesizer”
absorbing the photon of a 980-nm pump radiation. Then it radiationlessly transfers the energy to
the ion of Er that produces the downconversion emission at 1550-nm (conventional laser line)
and upconversion visible emission.

The micro-powder of NaYF,: Yb%*, Er** was synthesized using a simple solution based
technique (wet process) in the presence of Nay-ethylenediaminetetraacetic acid (EDTA) with the
co-precipitation procedure to obtain homogeneous nucleation.

The freshly made RE phosphor powder did not exhibit any noticeable up- or downconversion
emission. Inert Gas Purgeable Furnace EW-33854-15 was used to bake the synthesized RE
phosphor micro-powder to convert it in the hexagonal-phase crystalline NaYF, (£-NaYF,)
favorable for up- or downconversion emission. XRD system D2 Phaser was used to analyze the
crystalline structure of the phosphor at different baking temperatures. Figure 1 presents the X-ray



diffraction spectra of the synthesized micro-powder of NaYF4:Yb®*, Er** baked after preparation
for one hour at different temperatures in comparison with the reference cubic a-phase NaYF, and
hexagonal S-phase NaYF,. With the increase of the baking temperature from “no-baking” to
300°C the powder remains to be in the a -NaYF4 (cubic) phase. Starting from 400°C, the S -
NaYF4 (hexagonal) phase is dominating. After 700°C, the g - NaYF4 (hexagonal) phase is
replaced back by the o -NaYF4 (cubic) phase. It thus could be concluded that the most favorable
for good up- and downconversion efficiency (and laser/amplifier use) of the phosphor would be a
baking temperature between 400 and 700°C.

2.2. UV-VIS-NIR-IR Spectrophotometer system: Shimatzu 2600, Nicolet iS5 (Thermo
Scientific), and Ava-Raman-785TEC-USB2 (Avantes)

The optical absorption NIR spectrum of the RE-based phosphor NaYFs; Yb**, Er** was
measured with UV-VIS-NIR spectrophotometer Shimatzu 2600. It is presented in Fig. 2. The
strong absorption peak near 980 nm can be attributed to the three-valent ion of Yb. This result
indicated that a 980-nm laser diode can be effectively used as a pump source for the
amplifier/laser action of the phosphor-based gain medium.

2.3. PO-N04 Planetary Ball Mill PQ-N04 (Across International)

The RE phosphor powder was pulverized into nanocolloids using the ball milling process with a
PQ-NO04 Planetary Ball Mill from Across International. 50-ml Zirconia cups and Zirconia balls
(5-mm and 0.5-mm diameter were used. Ball milling was done in water three times with each set
of balls. The cups were loaded with the balls to the 2/3 of volume. 20 ml of the liquid was added
in the cup and from 1 or 2 g of the micro-powder. Alternating directions of rotation were chosen
during the milling with 5-min duration of the rotation in one direction and 10-min pause between
rotations (for cooling). Number of operation and re-starting times was 20. Total duration of the
rotation during a single process thus was 1 h 40 min. After ball-milling the colloid was
transferred with a pipette from the cup in a tube. One drop of oleic acid (surfactant to prevent
clustering of the nanoparticles) was added. The colloid was sonicated in an ultrasonic bath for 60
min. Then it was left to precipitate for several hours and dry. Afterwards, it could be transferred
to different liquids. Finally, it was filtered with a 1-micron filter. Figure 3 presents the size
distribution of the nanocolloid in CCl,; measured with a dynamic light scatterometer. The
measurement was performed two times (solid and dashed lines in Fig. 3). The nanocolloid
consists of two species of nanoparticles. The dominant group is made of nanoparticles with a size
of approximately 122 nm.

2.4. Radiometer System: ISR-2600Plus two-detector integrating sphere (Shimatzu), Spectral
radiometer GS-001X/ GS-002EX (SSSOT), Laser Power Meter FieldMaxIl with Sensors

(Coherent).

The Radiometer System (Fig. 4) was used to measure the quantum efficiency (QE) of the
emission of the RE micro- and nano-powders was estimated using the following approach. QE
could be defined as the ratio of the number of the photons of the up- or downconversion (as an
example, the upconversion is considered) radiation generated per unit of time ny, to the number
of the photons of the infra-red pump radiation Nyymp




n=—22_100% .

Npump

QE of the upconversion emission was measured to be
n = —2ewtethur 10000 = 0.56%,

Ppump totlpump
where Py, was the measured power of the upconversion emission (at 540 nm); Ay, was the
wavelength of the upconversion emission (~ 540 nm); Ppump Was the power of the pump; Aoump
was the wavelength of the pump radiation (980 nm). The computed value compared well against
3% QE reported for similar upconversion phosphor NaYF4: Yb**, Er** in Ref. 1.

2.5. Analyzer of Optical Response AOR-001X/ AOR-002EX (SSSOT)

The Analyzer of Optical Response was used to explore the application of the developed RE
phosphor to chemical sensors, particularly sensors of ammonia. The principle of functioning of
the ammonia sensor under consideration is illustrated in Fig. 5. A polymer nano-composite film
containing RE phosphor is additionally doped with an indicator dye (Phenol Red), which turns
from yellow to red upon exposure to atmospheric ammonia. The upconversion phosphor nano-
particulate of the film is illuminated with an infra-red laser diode (980 nm wavelength) and
generates upconversion visible light of green color (~ 540 nm spectral peak). When the indicator
dye exposed to ammonia turns red, it absorbs the green light from the phosphor: higher
concentration of ammonia corresponds to the weaker intensity of the green light recorded by a
photodetector.

The prepared reagent nano-composite films were tested as ammonia sensors using the
experimental setup using Analyzer AOR-001X/A0OR-002EX schematically depicted in Fig. 6.
The photographs of the general view of AOR-001X and AOR-002EX are presented in Figs. 7
and 8.

The reagent film deposited onto a silicon substrate (Sample) was placed inside a sealed gas
chamber of AOR-001X. It was illuminated with a 980-nm radiation from a 300-mW laser diode.
The radiation was delivered from the laser diode via a single-mode optical fiber terminated with
a collimator. The collimated infra-red beam was sent to the film through a transparent plastic lid
of the chamber. The green component of the upconversion radiation from the film passed
through the transparent lid and got collected by the focusing optics that sent it though a
multimode fiber to a silicon photodetector. The signal from the photodetector was digitized in a
power meter module and sent to a computerized data acquisition and processing system. “Gas
supply” was comprised of a mixture of ammonia and ambient air drawn through a water bubbler
and further in the gas chamber with a vacuum pump.

The nano-composite reagent films were exposed to ammonia using the above-mentioned setup.
Fig. 9 presents a typical response (the drop of the intensity of the green upconversion emission
recorded with a power meter using a silicon photodetector) to ammonia (~5% molar
concentration of ammonia in air). The relative humidity (RH) of the air during the exposure was
~ 50%. The film response to ammonia was not significantly affected by the variation of RH
between 30 and almost 100%. Typical response time to the exposure was ~ 5 min.



Figure 10 presents a typical calibration plot “Ammonia concentration vs. Sensor Output”. The
absolute value of the drop of the power of the upconversion emission —4P (in nanoWatts) from
the exposed reagent film was chosen as the sensor output. The plot is nonlinear and can be
approximated with a quadratic curve (solid line). The nonlinearity of the response is typical for
colorimetric sensors [2] and is an advantage when dealing with very wide range of possible
exposure (from zero to high concentrations of NHs3). The reagent film has the capability of
recovering from the exposure to very high ammonia concentrations without experiencing any
irreversible damage. Based on the level of the fluctuations of the output readings, the sensitivity
of the sensor could be estimated as ~ 0.4% of ammonia in air or 8% of the range 0 to 5%
ammonia.

2.6. Optical Fiber Splicer System: Fujikura 12S+CT-30 and LFS-004 (SSSOT)

The Optical Fiber Splicer System including fusion splicer Fujikura 12S+CT-30 and
splicer/integrity tester LFS-004 (SSSOT) was used to splice a 980/1550-nm single-mode optical
fiber delivering 980-nm pump radiation to an optical fiber amplifier. The amplifier is based on a
hollow fiber (SGE fused silica tubing; 0.15-mm inner diameter; 0.363-mm outer diameter) filled
with the nanocolloid of RE phosphor NaYF.: Yb**, Er** in a high-index liquid 1057B from
Cargille Laboratories (Fig. 11). The bright trace of visible light is the upconversion emission
from the nanocolloid filler pumped with the 980-nm radiation entering the fiber from the left.

2.7. Optical Fiber Spectrum Analyzer MS9740A (Anritsu) and Digital Pulse Generator
DG53502 (Stanford Research)

Optical Fiber Spectrum Analyzer MS9740A (Anritsu) and Digital Pulse Generator DG53502
(Stanford Research) were used to characterize the optical fiber amplifier (described above) in the
setup presented in Fig. 12. The input signal from a 1550-nm laser was modulated with Digital
Pulse Generator DG53502. The signal and the pump radiation from a 980-nm laser diode were
combined with a wave division multiplexer (WDM) and sent through the nanocolloid fiber
amplifier. The output mixture of the amplified signal and the residual pump was sent via a multi-
mode selfoc fiber to Optical Fiber Spectrum Analyzer MS9740A (when the pulse generator was
turned off) or to an InGaAs photodetector connected to an oscilloscope. Pulse modulation was
necessary to separate the signal from the continuous pump or the spontaneous emission created
by the pump. The effective gain of the amplifier was computed using equation

, Sign—out
Gain [dB] = 10log (ﬁ),
Where Sign-in and Sign-out is the power of the output signal with zero and non-zero pump
power respectively. Figure 13 presents the output pulsed signal (at 1550 nm) for pump power 4.0
mW against the output signal with zero pump. The amplitude of the signal is amplified 5.4 times
(Gain = 7.3 dB). Figure 14 presents the gain measured with Optical Fiber Spectrum Analyzer
MS9740A plotted versus the pump power for different powers of the input signal for the 7.0-cm-
long nanocolloid fiber amplifier. The gain initially increases linearly with pump power, but then
flattens out. Such behavior is expected since a large pump power will result in severe depletion
of the ground state leading to reduced absorption and pumping rate. This phenomenon, referred
to as pump saturation, prevails in all three-level systems (such as Erbium) where the lower gain
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state is the ground state, which by definition must be at least 50% depleted simply to obtain a
population inversion [3]. Figure 15 presents the gain plotted versus the input signal at different
pump powers. One can see that at a given pump power the gain falls off as the system
experiences the phenomenon referred to as gain saturation [3]. This arises from significant
depletion of the upper state population by the high rate of the simulated emission. The saturated
output power of the amplifier is that for which the gain has fallen by 3 dB with respect to the
small signal gain.

2.8. Conclusions

The acquired instrumentation has been critical in the completion of the research project “New
nanomaterials for high power fiber lasers” sponsored by DoD through research Grant W911NF-
14-1-0134 (from March 2014 to April 2016). The major accomplishments are the following:

6) The role of post-synthetic baking (with the help of the acquired furnace) of Rare Earth
phosphor NaYF4: Yb**, Er** was investigated in detail using the acquired XRD instrument.
One-hour baking of the freshly synthesized powder within the temperature range between
400 and 600°C lead to the transition from the cubic a-phase to the hexagonal S-phase of the
host NaYF, that was favorable for the up- and downconversion emission of the phosphor
being pumped with 980-nm radiation.

7) Optical properties of the synthesized laser material, such as the spectrum of the optical
absorption bands and the quantum efficiency of the radiation, were investigated using the
acquired spectroscopic and radiometric instrumentation. The synthesized phosphor had a
strong absorption band around 977-nm suitable for pumping with a 980-nm laser diode. The
quantum efficiency of upconversion radiation was measured to be 0.56% (of the same order
of magnitude as the best reported in the literature).

8) The two-stage ball-milling process of pulverization of the phosphor micro-powder in a
nanocolloid was developed and refined with the help of the ball milling instrument. Two-
stage ball-milling with 5-mm and 0.5-mm Zirconia balls in Zirconia cups resulted in resulted
in the nanoparticles of ~ 100-nm diameter.

9) A nanocolloid optical fiber amplifier was built using the acquired fusion fiber splicing
instrumentation. Experimental setup was developed and tested for the investigation of
nanocolloid optical fiber amplifiers and lasers using the acquired optical spectrum analyzer
and pulse generator. All the major effects of the operation of the Erbium (three-level) based
nanocolloid gain media were observed and verified by comparison with the literature data.

10) Additionally, the synthesized phosphor was explored as a basis for chemical sensors with the
help of the instrumentation analyzing its optical response to air pollutants such as ammonia.
The sensitivity of the experimental sensor was ~ 0.4% of ammonia with 5-min time response.

3. Future plans

The acquired instrumentation has significantly improved the capabilities of Oakwood University

to conduct high level sponsored research related to the needs of DoD and other government

agencies. Two particular directions of the future use of the acquired instrumentation are:

3) Further development of an efficient Rare Earth phosphor nano-material and building a
prototype of a nanocolloid fiber amplifier/laser based on the synthesized material.
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4) The development of the prototype of the chemical sensor of various air and water pollutants
using the developed phosphor material and for chem- and bio-defense.

4. References
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5. Figures
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Figure 1. XRD spectrum of the synthesized powder of NaYF4: Yb**, Er* at various baking
temperature. 1 — the reference XRD spectrum (calculated line pattern — JCPDS card No. 77-
2042) of NaYF, a —phase (cubic); 2 — XRD spectrum of the synthesized powder of NaYF4: Yb**,
Er®* without baking; 3 - XRD spectrum of the synthesized powder of NaYF4: Yb**, Er** baked
for 1 hour at 300°C; 4 - 400°C; 5 - 500°C; 6 - 600°C; 7 - 700°C; 8 - 800 °C; 9 — the reference
XRD spectrum (calculated line pattern — JCPDS card No. 28-1192) of NaYF, g —phase

(hexagonal).
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Figure 2. Optical absorption spectrum of the NaYF4: Er**, Yb®* micro-powder taken with UV-
VIS-NIR spectrophotometer Shimatzu 2600.
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Figure 3. Size distribution of the nanocolloid of NaYFs: Er**, Yb** in CCl, (ball-milled with 5-
mm and 0.5-mm balls) obtained with the dynamic light scattering (DLS) measurement (Zetasizer

90). The nanocolloid was filtered through one-micron filter. Solid and dashed lines correspond to
two sets of measurement data.
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Figure 4. Block diagram of the experimental setup to measure the quantum efficiency of the RE
phosphor (a) and the photograph of the integrating sphere and the Spectral Radiometer GS-
001X/ GS-002EX of the Radiometer System (b).
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Figure 5. Diagram explaining the principle of operation of the polymer composite film
containing the developed RE phosphor as the sensor of ammonia.
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Figure 6. Schematic of the experimental setup to investigate the RE phosphor impregnated films
for sensing ammonia using the Analyzer of Optical Response AOR-001X/A0OR-002EX.
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Figure 7. Photograph of the experimental setup to investigate RE phosphor based films for
chemical sensing with the major components of the Analyzer AOR-001X.
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Figure 8. Top view of analyzer AOR-002EX with open cover.
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Figure 10. Ammonia concentration plotted versus the sensor output. Solid line presents the

approximation quadratic calibration curve.
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Figure 11. Image of the nanocolloid optical fiber amplifier based on a hollow fiber filled with the
nanocolloid of RE phosphor NaYF4: Yb*, Er** in a high-index liquid. The bright trace of visible
light is produced by the upconversion emission from the nanocolloid pumped with a 980-nm IR
radiation entering the fiber from the left. The pump radiation is delivered via a 980/1550-nm
single-mode optical fiber spliced to the hollow fiber using Optical Fiber Splicer System
including Fujikura 12S+CT-30 fusion splicer and LFS-004 (SSSOT) splicer/integrity tester.
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Figure 12. Experimental setup to characterize a nanocolloid fiber amplifier using Optical Fiber
Spectrum Analyzer MS9740A (Anritsu) and Digital Pulse Generator DG53502 (Stanford

Research).
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Figure 13. Output pulsed signal (1550 nm) for pump power: 0 mw (1) and 4.0 mW (2).
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Figure 14. Gain versus pump power for input signal: 0.05 mW (1); 0.1 mW (2); 0.15 mW (3).
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6. Student participants exposed to the acquired instrumentation

a) Ashley Lewis (Chemistry Major, Senior).

b) Ruben Valentine (Engineering Major, Senior)

c) Donald M. Wright 111 (Engineering Major, Senior)
d) Danielle Lewis (Engineering Major, Senior)

e) Marcus Valentine (Engineering Major, Senior)

7. Presentations and paper/patent applications submitted/published
Presentations
Poster presentation was presented by the Pl and his student in San Francisco, CA, in Feb. 2014 at
Photonics West 2014.
Poster presentation was presented by the PI and his student in San Francisco, CA, in Feb. 2015 at
Photonics West 2015.
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