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Welcome and Opening Remarks
Session 1
High Energy Theory/Particle Physics
9:20 Manuel Rosales

(Reed)

9:00am – 9:15am

Prof. Volkmar Dierolf

9:15am – 10:05am
Chair: Prof. Cremonini
Direct and Elliptical Kaon Flow
Comparison of Quark Gluon Plasma at
√sNN=27 GeV
This paper focuses on the analysis conducted on direct and
elliptical flow comparisons of Kaons found in Quark
Gluon Plasma (QGP) produced at RHIC energies of
√sNN=27 GeV.
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9:35

Skanda Rao

(Reed)

Directed and elliptic flow of pions produced in
ultra-relativistic Au-Au nuclei collisions at
√sNN=27 GeV
This paper details the process behind the calculation of the
flow harmonics 𝑣1 and 𝑣2 from pions produced in √sNN = 27
GeV Au-Au collisions using data from the STAR experiment
at the Relativistic Heavy-Ion Collider (RHIC).
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9:50 Kyle Ritchie

(Cremonini)

Holographic RG Flows and Broken Lorentz
Symmetry
We examine holographic RG flows associated with geometries
that break Lorentz invariance, with the goal of identifying
conditions for the existence of suitable c-functions which
decrease monotonically along RG trajectories from the UV to
the IR. We adopt the superpotential formalism to recast
generic holographic flows in terms of beta functions, thus
extending to the non-relativistic context previous studies of
monotonicity conditions for theories which do respect Lorentz
invariance.
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Break

10:05am -10:20am

Session 2
Biophysics
10:25 Eric Koessler

10:20am – 11:10am
Chair: Prof. Honerkamp-Smith
(Vavylonis)

Identification of profilin-actin binding modes
using a coarse-grained molecular model
The polymerization of actin plays a central role in maintaining
cell structure and motility. The binding of profilin to actin is a
key step in the polymerization process, yet simulations of this
binding are challenging due to the high computational cost.
We chose a coarse-grained molecular model that treats each
protein as a rigid body to reduce simula- tion time. Multiple
sets of experimentally determined structures were chosen to
simulate.
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10:40 Shanjida Khan

(Ou-Yang)

Monitoring Spheroid Growth using
UniverScope and Flow Analyser
To monitor the growth of multicellular spheroids as model
tissues, we used two complementary techniques. The first one
relies on an image-free analysis of the light absorbed by the
spheroids; the second one consists of building a microscope
that allows parallelized, high throughput, imaging of spheroids
in physiological conditions. These two methods are aimed at
measuring the spheroid radius as a function of time and at
gaining insight into the fate of cells within the spheroid.
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10:55 Daniel Rogers

(Honerkamp-Smith)

Effects of Fluorescent Dye Structure on
Inter-leaflet Friction in Lipid Membranes
We observe a 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipid bilayer move in a tank-treading motion confined
in a Polydimethylsiloxane (PDMS) channel using two
different fluorescent dyes (Jonsson et al Langmuir 2009 [1]).
We utilize a process known as fluorescence recovery after
photo bleaching (FRAP) where we bleach a portion of the
bilayer which then allows us to see the response of a particular
section as it diffuses back. We also observe the intensity of the
bilayer in sections. We calculate the velocity of the motion of
the two bilayers with different dyes using ImageJ and Python
to then find the Inter-Leaflet friction of the membrane. The
difference in velocities should reflect the dyes effect on the
mobility of the bilayer
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Session 3
Atomic and Molecular Physics
11:15 Derek Chen

(Sommer)

11:10pm – 12:05pm
Chair: Prof. Elizabeth Young
RF Antenna for Generation of SpinDependent Force on Cold Lithium Atoms
To measure the spin conductivity of a gas of lithium atoms, an
oscillating strong magnetic field is necessary to create the
spin-dependent force. This project aims to build an antenna to
generate the required magnetic field.
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11:30 Siuling P. Sanchez (Xu)

Spectroscopic and mechanical
characterization of indoor aerosols
(sidestream cigarette smoke) using peak
force infrared spectroscopy.
Indoor air pollution represents a major threat to human health.
A recently developed spectroscopic and mechanical
microscopy technique of 10nm spatial resolution is used to
reveal the nanoscale structures of particles from sidestream
cigarette smoke. © 2019 The Author(s).
OCIS codes: 010.1110 Aerosols. 180.5810 Scanning
Microscopy. 300.6340 Spectroscopy, Infrared.
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11:45 Hannah Rarick

(Young)

Charge Carrier Dynamics in Nanostructured
Sb2S3-TiO2 Heterojunctions
As the global energy demand increases, the search for more
efficient renewable energy sources intensifies. Solar energy
holds great potential in meeting the global energy needs. The
Young Lab studies charge carrier dynamics between various
thin-film heterojunctions containing Sb 2 S 3 . In
nanostructured Sb 2 S 3 -TiO 2 heterojunctions, the Young lab
investigated the difference in lifetimes between annealed
(anatase) and non-annealed (amorphous) TiO 2 nanotubes.
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Group Photo of REU students
Lunch

12:00pm – 12:20pm
12:20pm – 1:30pm

Session 4
Condensed Matter Physics/Optics
1:35

Skylar Dannhoff

1:30pm – 2:35 pm
Chair: Prof. Dierolf
(Biaggio)

Magnetic Field Manipulation for Quantum
Beat Measurements in Single Crystal
Rubrene
We investigated quantum beat behavior indicative of
intermediate singlet fis- sion processes in rubrene
crystals by using a newly designed apparatus to better
manipulate an applied magnetic field and by analyzing
the resulting photoluminescence time dynamics.
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1:50 Tristen Reid

(Biaggio)

Second-Harmonic Generation in Vapor
Deposited Small Molecule Thin Films
We demonstrated poling of small-molecule assemblies
of DDMEBT by applying an electric field at a
temperature of 80◦C. Through vapor deposition, we
were able to observe the effect that thickness has on the
signal output of poled films.
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2:05 Veronica Cisneros

(Dierolf)

Determining the relative concentration and
efficiency of incorporated centers in
Europium doped Gallium Nitride with different
Structures
Determining the most efficient light-emitting diode
structure poses as an intriguing issue in the field of
optics. Doping the layers with europium through
organometallic vapor-phase epitaxy serves as a
potential method of obtaining optimal red
luminescence. These in situ doped samples were
studied through combined excitation emission
spectroscopy showcasing sites and their relative
concentration and the low power UV spectrum shows
the different efficiency of the centers.
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2:20 Rutendo Jakachira

(Dierolf)

Fabrication of Femtosecond Laser-Induced
Crystals in Lithium NioboSilicate 30: The
effects of polarization angle on orientation
and growth rate
Using a half-wave plate an algorithm was created to
minimize power loses when the angle of polarization
was changed. Previous work in the group has
indicated that the growth rate of crystals is affected
but there was uncertainty regarding the influence of
changes in the laser intensity that resulted from
polarization. This is what we aim to investigate in this
paper.
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Break

2:35pm-2:50pm

Session 5
Computational Methods in Materials Science
2:55 Alexus Cruz

(Fredin)

2:50pm – 3:40pm
Chair: Prof. Ekuma
Biomass Conversion, A Computational Study
of the Energetics of Ruthenium MetalCentered Catalysts
Using computational chemistry to investigate
sustainable conversion of biomass into biofuels
and consumer goods. Specifically, quantifying
the energetics of homogenous Ru-centered
catalytic cycles to design new scalable, selective
biomass catalysts.
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3:10 Kemal Aziz

(Ekuma)

First Principles Calculations of the Electronic
Properties of MgZnO2
We report the electronic properties of a new phase of
ZnO-based alloy designed with high-throughput
crystal structure predictor tool. The crystal structure
exhibits a body-centered tetragonal symmetry, and
space group 141-4/amd. Using the generalized
gradient approximation within the first-principles
density functional theory, we predict a direct bandgap
of 2.40 eV. This shows that this material is promising
for optoelectronic applications and may manifest
superior properties than ZnO.
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3:25 Britney Hopgood-Berdecia

(Ekuma)

Structural Properties of YbCo2Zn20
We have studied the structural and electronic
properties of YbCo 2 Zn 20 ; a family of the 1-2-20
systems that are promising for diverse applications.
The studies were carried out using a first-principles
density functional theory approach as implemented in
the Quantum Espresso electronic structure code.
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Closing Remarks

3:40 pm

Prof. Dierolf

Direct and Elliptical Kaon Flow Comparison of
√
Quark Gluon-Plasma at sNN = 27 GeV
Manny A. Rosales
Department of Physics, Astronomy, and Geophysics, Connecticut College, 270 Mohegan Avenue, New London,
CT 06320, USA
rosales.manuel.2016@gmail.com

Abstract:
This paper focuses on the analysis conducted on direct and elliptical flow
comparisons of Kaons found in Quark Gluon Plasma (QGP) produced at RHIC energies of
√
sNN = 27 GeV.
1.

Introduction to Quark-Gluon Plasma (QGP)

Quarks and gluons are believed to be the fundamental constituents of matter such as proton and neutrons. Similarly
to photons being the mediators of the electro-magnetic (EM) force, gluons are believed to mediate the strong force
between quarks. The fundamental theory behind the strong force, Quantum Chromodynamics (QCD), has enabled
researchers to better understand the strong force interaction of quarks. Unlike the electro-magnetic force, which
decreases in strength with greater distances, the strong forces increases in strength with distance. As a result, at
greater distances, the attraction potential between quarks increases. Increasing the energy to separate quarks from
their original particle configuration requires large energy deposits which ultimately result in the production of
anti-quarks. This produces hadrons1 composed of quark-antiquark (mesons) [1] pairs in what is known as quark
confinement (Fig 1) [2]. As a result, it becomes almost impossible to isolate a single quark. Although quarks and
gluons have yet to be observed freely, QCD predicts that quarks and gluons can exist in a deconfined state known
as the Quark-Gluon Plasma (QGP) [2]. In order to study the deconfined state, the Relativistic Heavy Ion Collider
(RHIC) was developed to create the QGP through heavy ion collision such as gold (Au).
1.1.

Quark-Gluon Plasma

Quark deconfinement can occur at high nuclear densities or high temperatures. At high nuclear
densities the distance between hadrons decreases. When the distance between the nuclei is less
than the nuclear distance (1 fm = 10−15 m) the attractive potential between quarks decreases. As
a result the attraction force between quarks decrease enabling the quarks to move freely around
a new medium known as the QGP. Similarly, the QGP can be created at high temperatures.
Increasing the temperature not only increases the average kinetic energy of the constituents but
also the number of constituents involved. This results from production of particle-antiparticle
pairs when the added energy is equal to or exceeds the mass of the particles involved [2].
1.2.

Heavy-Ion Collision

Fig. 1. Quark
Confinement

Since ordinary matter is cold and low in density, the QGP is unable to exist in normal laboratory
conditions. For comparison, the ideal temperatures to create the QGP are on the order of 170
MeV2 = 1.972 × 1012 K while the inner core temperature of the Sun is believe to be 15 × 106
K [3]. Likewise the nuclear densities (ρo ) required to deconfined the hadrons must exceed roughly ρo = 61 nucleons
per cubic femtometer. However, RHIC is capable of producing the appropriate conditions to create the QGP. Heavy
ions, such as Au ions, are accelerated to relativistic speeds and are collided with one another. When the beam of
ions approaches relativistic speeds they experience a Lorentz contraction(Fig 2) along the transverse plane of the
beam path. The nucleons that collide (participants) form a region that reaches temperatures necessary to create
the QGP. The ion nuclei that do not interact (spectators) continue with their initial velocities [2]. The appearance
and evolution of the QGP is not yet fully understood. However, experimental measurement suggest that the QGP
eventually thermalizes through scattering and expansion. Eventually the deconfined quarks and gluons hadronize
back into baryons and mesons. At some point the new particles cease to interact with one another and there
properties are measured by detectors. Some of the basic properties that are reconstructed by the detectors are a
particle’s momentum, charge, traverse and longitudinal coordinate.
1 Baryons

also fall under the scope of hadron classification and are composed of three quarks
Mega electron-volt is 1 million times greater than the energy required to move 1 electron across a potential difference of 1 volt.
Furthermore, 1 Mega electron-Volts (MeV) = 1.16 × 1010 Kelvin
21

Fig. 2. Illustrates the stages that must occur in order for the production of the QGP.

2.

Direct and Elliptical Flow

Before the hadronization process occurs, the different constituents in the plasma are believed to move collectively
in a liquid like behavior. As a result, nearly ideal hydrodynamics are used to model the behavior of the QGP. However, this paper only focuses on two types of hydrodynamic flow: directed and elliptical flow. The two quantities
are important in that they can reveal how particle flow of the QGP behaves. The equation describing these two
different quantities is given by the first and second harmonic of the following equation,
νn = hcos(n(φ − ΨRP ))i .

(1)

In Equation 1, n corresponds to the integer of the harmonic of interest, φ represents the azimuthal angle of the
particle, and ΨRP is known as the reaction plane and relates to the angle position of all the particles away from the
transverse plane. However, the reaction plane cannot be known with accuracy due to the fact that the algorithms
in the detectors are unable to determine exactly where the ion nuclei collide.
3.

Flow Measurement at

√
sNN = 27 GeV

In order to determine the first and second order flow a new estimated angle must be defined. This new quantity is
known as the event plane ΨEP and takes into account that each particle in the azimuthal distribution has its own
event plane. The event plane is given by
ΨEP =

h∑ ωi cos(nφi )i
1
arctan( i
.
h∑i ωi sin(nφi )i
n

(2)

In the above equation, ω represents a weight that is given to the i-th particle. A weight is associated to the
individual particles to account for systematic and statistical errors in the azimuthal distribution. If one divides the
particles azimuthal distribution into sub-events (east and west side of the detector), Equation 1 can be modified in
order to relate sub-event quantities such as φ , ΨEP and νn . The relationship is given by,
νn =

hνnEast i + hνnWest i hω cos(n(φEast − ΨEPWest ))i + hω cos(n(φWest − ΨEPEast ))i
p
.
=
2REP
2 hωi hcos(n(ΨEPWest − ΨEPEast ))i

(3)

In Equation 3, REP represents the resolution of the event plane which indicates how well the calculated east and
west event planes agree. Along with particle identification, one can determine νn values across different collision
parameters such as the transverse momentum of the particles, the initial geometry of the collisions (centrality),
and pseudorapidity.
Ultimately, a program was developed to determine flow values of Kaons over billions of collisions of the QGP
using the Time Projection Chamber (TPC) and the Event Plane Detector (EPD) at RHIC. The data measurements
√
were determined from Au ion collision at RHIC at energies per nucleon of sNN 3 = 27 GeV4 .
References
1. J. W. Rohlf, Modern Physics from A to Z. John Wiley and Sons, Feb. 1994.
2. M. Stanislaw, Quark-Gluon Plasma, 1999 (accessed July 20th, 2019).
3. J. Letessier and J. Rafelski, Hadrons and QuarkGluon Plasma. Cambridge Monographs on Particle Physics,
Nuclear Physics and Cosmology, Cambridge University Press, 2002.
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√

sNN is the
4 The analysis

energy per nucleon in the center-of-mass frame.
of the QGP described above was conducted under the supervision of Professor Rosi Reed at Lehigh University.

Directed and elliptic flow of pions produced in ultrarelativistic Au-Au nuclei collisions at √𝐬𝐍𝐍 = 𝟐𝟕 GeV
Skanda Rao

Department of Physics and Astronomy, Rutgers University, 136 Frelinghuysen Rd, Piscataway, NJ, USA 08854
skanda.rao@rutgers.edu

Abstract: This paper details the process behind the calculation of the flow harmonics 𝑣1 and 𝑣2
from pions produced in √sNN = 27 GeV Au-Au collisions using data from the STAR experiment
at the Relativistic Heavy-Ion Collider (RHIC)1.
Background
1.1 Parton interactions
Nuclear physics is dominated by the strong force interactions of quarks and gluons, known collectively as partons.
Each nucleon contains three valence quarks that interact with each other by exchanging gluons. Since gluons also
exhibit strong charge, they interact with more gluons in a positive feedback loop [1], giving rise to the phenomenon
of confinement that prevents the observation of a “naked” quark (a quark isolated from other quarks). Gluon charge
also leads to infinities when physicists attempt to solve nuclear interactions at larger distance scales analytically,
necessitating experimental measurements of nuclear matter at high energies to probe the scale of partons.
1.2 Evolution of nuclear matter in ultra-relativistic heavy-ion collisions
The study of nuclear physics with heavy-ion collisions involves analyzing particles produced in these collisions to
glean information about nuclear structure and the strong force. The Solenoidal Tracker at RHIC (STAR) is a particle
detector at Brookhaven National Lab. Built just around the particle beam pipe of the Relativistic Heavy-Ion Collider
(RHIC), the core of the STAR detector is the Time Projection Chamber (TPC), which records information about
particle momenta by reconstructing tracks created by particles ionizing a gas in a magnetic field. Outside the TPC,
the Time of Flight Detector (TOF) measures the times at which particles emerge from the TPC to determine their
velocities. The Event Plane Detector (EPD) measures the distribution of charged particles on either end of STAR.
The particles are mapped in momentum space using the transverse momentum (𝑝𝑇 ), the azimuthal angle (𝜙), and
the pseudorapidity (𝜂). While 𝑝𝑇 and 𝜙 are measured in the transverse plane, 𝜂 provides information about the
longitudinal orientation of the momentum and is equal to the standard measure of rapidity in relativistic kinematics
in the high momentum limit. The extent of the TPC is −1 < 𝜂 < 1, |𝜂| = 1 corresponding to particles traveling at
an angle of about 40° from the beam pipe. By contrast, the EPD measures particles in the range 2.1 < |𝜂| < 5.1 [2].
Nuclear physicists have identified several stages in the evolution of the nuclear matter deposited by the colliding
nucleons in their overlap region. First is thermalization, where most partons reach thermal equilibrium across the
overlap region. At this point, the partons form the quark-gluon plasma (QGP), a phase of hot deconfined nuclear
matter that behaves like a nearly perfect liquid, therefore evolving hydrodynamically. Finally, after hydrodynamic
evolution comes hadronization, where partons cool enough to become confined into hadrons (particles with quark
constituents, like protons and neutrons), which either enter the detector or decay into the particles detected.
1.3 Flow harmonics
QGP formation leads to the correlation between the geometry of the initial energy density in the overlap region
between the two nuclei and the distribution of particles measured at the detector. The distribution is captured with
flow harmonics (𝑣𝑛 ), observables designed to isolate different geometric features.
𝑣𝑛 𝑒 𝑖𝑛Ψn = 〈𝑒 𝑖𝑛𝜙 〉

(1)

In Equation 1, 〈… 〉 represents an average across all particles measured in the detector within an event and Ψ𝑛 is
known as the 𝑛th-order event plane angle [3]. As Fourier coefficients of the momentum distribution, flow harmonics
represent different geometries in momentum space. For instance, 𝑣2 , or elliptic flow, represents how elliptical the
momentum distribution is, and 𝑣1 , or directed flow, represents the average azimuthal direction of the particles.

1

All work was done under the advisement of Professor Rosi Reed.

2. Procedure
2.1 Particle identification

Fig. 1: Left: Ionization energy loss function. Right: Identification of pions using calculated mass and standard
deviation from pion ionization energy loss function.

This analysis is concerned with directed and elliptic flow from pions (a species of hadrons) produced in the
collisions of two gold nuclei at a √𝑠𝑁𝑁 = 27 GeV, where √𝑠𝑁𝑁 is the center-of-mass frame energy per nucleon.
Pions are identified by the number of standard deviations from the ideal pion-specific ionization energy loss
function and their deviation from pion mass (Fig. 1, right). The ionization energy loss function describes how much
energy is lost to the TPC’s ionizing gas per unit distance that a particle travels along its track as a function of the
particle momentum (Fig. 1, left). Mass (𝑚) is calculated using the total momentum (𝑝) as measured in the TPC and
the relativistic ratio 𝛽 as measured in the TOF as:
𝑝
𝑚 = √1 − 𝛽 2
(2)
𝛽
2.2 Considerations for flow harmonic calculations
In practice, Equation 1 fails to account for statistical measurement fluctuations and detector defects, which
produce finite and varying resolution in different parts of the detector. To account for this, separate calculations are
done on the east (𝜂 < 0) and west (𝜂 > 0) halves of the detector to be compared for an overall event plane
resolution, and flow harmonics are calculated across a set of events to minimize statistical fluctuations. Furthermore,
weights (𝑤) are added in the calculation of the event plane angle Ψn to optimize the resolution on each side [3].
Ψ𝑛𝐸,𝑊 =

〈𝑤 sin(𝑛𝜙)〉
1
∑
〈𝑤 cos(𝑛𝜙)〉
𝑛

(3)

Weights account for the statistical and detector-based unevenness of the 𝜙-distribution across all events, as well
as differences in signal (weighing more heavily the particles or regions that contribute more to the event plane in
order to increase the event plane resolution). All in all, the experimental expression for the flow harmonics becomes:
𝑣𝑛 =

〈𝑤 cos 𝑛(𝜙 − Ψ𝑛𝑊 )〉𝜂<0 + 〈𝑤 cos 𝑛(𝜙 − Ψ𝑛𝐸 )〉𝜂>0
2〈𝑤〉√{cos 𝑛(Ψ𝑛𝑊 − Ψ𝑛𝐸 )}

(4)

The subscripts on the angle brackets indicate the range of pseudorapidities in an average (over all tracks in all
events), and {… } represents an average across events. The event-wise average in Equation 4 gives 𝑅2 , where 𝑅 is the
event plane resolution. Dividing by 𝑅 accounts for the flow harmonic suppression that comes from poor resolution.
In this analysis, Ψ𝑛𝐸,𝑊 is calculated from the EPD. 𝑣1 is calculated using 𝜙 from the EPD due to a stronger signal
in this pseudorapidity region, and 𝑣2 is calculated with 𝜙 of pions in the TPC to avoid auto-correlations. The
weights used to boost signal in the calculation of Ψ1𝐸,𝑊 and increase the resolution are based on previous work. The
optimal EPD weights to maximize the second-order EPD event plane resolution are determined using a combination
of gradient descent algorithms and rough calculations of the elliptic flow dependence on pseudorapidity.
References
[1] D. Griffiths, Elementary Particles, 2nd ed. (Wiley, 2008), p. 300.
[2] P. Shanmuganathan, “An Improved Event Plane Detector for the STAR Experiment,” in Critical Point and Onset of Deconfinement. Vol. 311
of Proceedings of Science (2018).
[3] M. Luzum and Hannah Petersen, “Initial state fluctuations and final state correlations in relativistic heavy-ion collisions,” J Phys G 41,
063102 (2014).

RG Flows and Broken Lorentz Symmetry
Kyle Ritchie1*, Sera Cremonini2
1

Department of Physics and Astronomy, University of New Mexico, Albuquerque 87111 NM
2
Department of Physics, Lehigh University, Bethlehem, 18015PA
*
kyleritchie@unm.edu

Abstract: We examine holographic RG flows associated with geometries that break Lorentz
invariance, with the goal of identifying conditions for the existence of suitable c-functions which
decrease monotonically along RG trajectories from the UV to the IR. We adopt the superpotential
formalism to recast generic holographic flows in terms of beta functions, thus extending to the nonrelativistic context previous studies of monotonicity conditions for theories which do respect
Lorentz invariance.
1. Background
1.1 AdS/CFT Correspondence
The Anti de Sitter space/conformal field theory (AdS/CFT) correspondence, or gauge/gravity duality, provides a
formal mathematical equivalence between d-dimensional gravitational field theories in AdS spacetime, and (d-1)dimensional conformal field theories on the boundary of the spacetime. An important feature of the duality is the fact
then when the boundary theory is strongly coupled, the gravitational theory is weakly coupled. The correspondence
therefore provides a powerful tool for probing the behavior of strongly coupled systems when standard perturbative
quantum field theory (QFT) techniques become intractable at strong coupling. To be more precise, the gauge/gravity
duality equates the partition functions and associated generating functionals of the gauge theory and the gravitational
theory. Hence, correlation functions of gauge theory operators at strong coupling may be computed by performing the
tractable scattering computations in the weakly coupled gravitational theory. This holographic technique has proven
instrumental in studying a variety of strongly coupled QFT’s, such as the QCD quark-gluon plasma, high temperature
superconductors, and other strongly correlated systems ubiquitous condensed matter physics.
In the holographic formalism, the (d-1)-dimensional boundary QFT emerges from the interior d-dimensional
gravitational theory in the limit as one of the d coordinates (known as the holographic coordinate) becomes large. In
this limit, the AdS metric approaches a scaled Minkowski metric in one fewer dimension, and any gravitational theory
in the interior must therefore reduce to a non-gravitational QFT on the boundary. This holographic coordinate, when
interpreted as an effective energy scale for the theory, thus allows us to study how the effective bulk and boundary
theories vary under a flow of the energy scale. In particular, this allows for a connection with known techniques of
renormalization, and renormalization group (RG) flow.
1.2 Renormalization
In standard quantum field theory, the evolution of the coupling constants appearing in the theory with respect to the
effective action energy scale of the system is characterized by RG flow. In the typical renormalization procedure, e.g.
in [5], an effective action is found from the standard action by integrating over the energy modes above some specified
threshold energy, or energy scale. In the context of holography, this energy scale is identified with the holographic
coordinate. A “regularized” generating functional is also obtained by taking the standard path integral of the action
while excluding paths which take the interacting fields through energy modes higher than the threshold. This new,
regularized generating functional may be treated as a function not of the fields, but of the couplings themselves.
Thereupon, one may obtain a Callan-Symanzik equation by demanding that the generating function be stable under
variation with respect to the energy scale. This equation provides a first order differential equation for the evolution
of the coupling with respect to the energy scale in terms of the so-called beta function. This differential equation
defines the RG flow.
In holographic renormalization, the gauge/gravity duality is implemented precisely through these regularized
generating functionals, and thus one may cast the RG flow of the boundary field theory in terms of geometric quantities
in the bulk. As the couplings flow from one energy scale to another, the quantities in the bulk theory also scale,
providing a geometric description of the boundary RG flow. In particular, since the energy scale is identified with the

holographic coordinate, this flow gives us information about how the effective theory evolves as one approaches the
holographic interior from the boundary.
2. Holographic RG Flows and Lorentz Symmetry
In the context of the gauge/gravity duality, as in standard QFT, RG flow provides a way track the loss of degrees of
freedom of a theory as the energy scale is lowered. In certain field theories, the number of degrees of freedom can be
quantified through a c-function, which is a quantity related to the entanglement entropy of the theory which tracks the
number of microscopic degrees of freedom at each energy scale. For some systems, there are c-theorems which ensure
that the number degrees of freedom decreases monotonically with the energy scale. In [1], it was shown that when
certain constraints on the UV behavior of the geometry are imposed, c-functions which decrease monotonically can
be constructed – even for systems with broken Lorentz symmetry. However, it is not true in general that nonrelativistic flows exhibit such monotonicity. There still remain important questions concerning whether or not further
constraints may be imposed to ensure monotonicity, and more broadly on classifying RG flows in the presence of
broken symmetries.
In recent work by Kiritsis et al. [2], the superpotential formalism was used to characterize and classify all
solutions to the holographic RG flow of an Einstein-dilaton theory with a general potential, assuming an
asymptotically AdS background space-time. The superpotential formalism – a technique borrowed from
supersymmetric field theory, allows one to reformulate the second order gravitational field equations in terms of first
order differential equations for the superpotential. This reformulation is important, since RG flow is characterized by
first order flow equations for the couplings. Through their use of the superpotential, they were able to properly define
and directly calculate the holographic quantum generating functionals as functions of the couplings at arbitrary finite
energy scales [3]. Furthermore, this allowed them to derive explicit analytic expressions for the holographic betafunction for the model-- primarily focusing on the beta-function for the scalar field-- and allowed them to construct
an explicit relationship between the holographic coordinate in the bulk theory, and a renormalization group
transformation in the boundary field theory.
A key factor in [2,3] is that the background spacetime is assumed to be asymptotically AdS, with no broken
symmetries. This spacetime is explicitly Lorentz-invariant, and hence the results derived by Kiritsis et al. do not
necessarily generalize to either the case where Lorentz symmetry is broken, either implicitly or explicitly. We plan to
extend this work and study the structure of RG flow in a more general context which allows for the breaking of various
symmetries – including Lorentz symmetry. A concrete first step will be to build on the work of Kiritsis et al. by
applying the superpotential formalism to more general background spacetimes – i.e. those which break Lorentz
invariance at some energy scale.
Toward this end, a promising result from [2,3] is that the superpotential used to derive the proper form of the
generating functional and the beta-function for the holographic RG flow is precisely equal to the effective potential
of the boundary field theory. One might expect, then, that this result holds in a more general, non-Lorentz invariant
context. As such, one path forward will involve constructing the effective potential for the boundary theory when a
metric with broken Lorentz symmetry is used, as well as a more general Lagrangian. A fruitful approach will entail
adding a U(1) gauge field to explore broader classes of geometries, and following the superpotential procedure in
order to determine if exact beta-functions are obtainable for the bulk scalar and gauge fields. This effective potential
can then be used as a superpotential for constructing the beta-functions, which may further constrain the non-Lorentz
invariant flows. The results of this analysis will then be compared to Cremonini and Dong’s work [1] in order to shed
new light on either the proposed c-function, or the monotonicity conditions imposed therein.
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Abstract: The polymerization of actin plays a central role in maintaining cell structure
and motility. The binding of profilin to actin is a key step in the polymerization process, yet
simulations of this binding are challenging due to the high computational cost. We chose a
coarse-grained molecular model that treats each protein as a rigid body to reduce simulation time. Multiple sets of experimentally determined structures were chosen to simulate.
The coordinates from the simulations were converted to a rotational-translational plot and
a clustering algorithm was used to determine binding modes. The crystal structure binding
mode was well sampled in simulations based off of bound crystal structures. A point mutation to human PFN1 experimentally known to reduce binding affinity to actin was added
to the human PFN1 simulation and reduced the binding affinity in the simulation. The simulation of bovine profilin PFN1 and bovine β -actin sampled the crystal structure binding
mode as well as a flipped orientation that had an equal probability of binding. © 2019
The Author(s)

1.
1.1.

Background
Actin and Profilin

Actin is a protein that obtains two major conformations in cells: monomeric globular (G) actin and polymeric
filamentous (F) actin. F-actin is a single stranded levorotatory helix of actin monomers that forms from G-actin
through polymerization. One of profilin’s many functions is to bind to G-actin to regulate the kinetics of actin
nucleation and polymerization. It helps to speed up polymerization in the presence of formin by several times.
Thus, profilin-actin binding can have a significant impact on the concentration ratio between G-actin and F-actin
which impacts actin’s roles in cell structure and motility.
1.2.

Coarse-grained Modelling

The timescales required to simulate protein binding using an all-atom model are too long; thus, a coarse-grained
model was chosen where the base unit of the protein was an amino acid residue. The Kim-Hummer model was
used due to its ability to simulate formin-mediated actin polymerization [3,4]. This model calculates both a DebyeHückel electrostatic potential and a Lennard-Jones potential between each residue pair. Each profilin and actin unit
were treated as rigid bodies due to their mostly folded structure which decreased computational cost.
2.
2.1.

Methods
Protein Structures

Experimental actin and profilin structures were obtained from the Protein Data Bank (PDB), some of which were
found together in a bound state while others were found in separate structures. Several pairs of profilin-actin were
simulated including bound human PFN1 / rabbit α-actin, unbound fission yeast CDC3 / bovine β -actin, bound
bovine PFN1 / bovine β -actin, and unbound bovine PFN1 / rabbit F-α-actin. The proteins Cdc3 and F-α-actin
whose PDB structures were unbound were aligned to the crystal structures of bovine PFN1 and bovine β -actin,
respectively. An R88E point mutation experimentally known to reduced actin binding affinity [2] was performed
on a copy of human PFN1 and was also simulated rabbit α-actin.
2.2.

Simulations

The simulations were performed in a modified version of LAMMPS [3] and were ran on the San Diego Super
Cluster over the period of two days. Simulation timescales ranged from 5 to 10 µs with a timestep of 10 fs. The
simulation used replica-exchange molecular dynamics over a range of 16 temperatures to increase sampling of
multiple conformations and improve convergence.

2.3.

Data Analysis and Clustering

The simulations were demuxed to make the trajectories continuous with respect to temperature. The dRMS of each
frame was calculated relative to either the bound PDB structure or the aligned bound structure. The magnitude of
rotation and translation was also calculated relative to the bound structure. dRMS vs potential energy and rotation
vs translation were plotted to aid with visualizing different bound states. The machine learning density-based
clustering algorithm DBScan was used to cluster certain frames into groups that correspond to binding modes. To
improve the specificity of clustering, the intraprotein distances between 4 residues on each protein that span their
respective protein well were first calculated to create a 16-dimensional data set. A principal component analysis
was performed on the data set to find the 16 basis axes of the data which was then clustered on with DBScan.
3.

Results

The range of the probability of bound states for the simulations at reduced temperature 180 K was between 40%
and 95%. The binding percentages, crystal structure binding percentages, and binding affinities to the native state
for three simulations are shown in Table 1. These simulations reproduced the crystal structure with dRMS < 5 Å.
The simulations of proteins whose structures came from separate PDB files did not exhibit significant sampling of
the aligned crystal structure.
Table 1. Binding Percentages and Affinities
Profilin / Actin
Human PFN1
/ Rabbit α-actin
Human PFN1 R88E
/ Rabbit α-actin
Bovine PFN1
/ Bovine β -actin

PDB #
2PAV

Total Bound %
72.1%

Native State %
12.3%

Kd , sim (180K)
139.5 µM

Kd , exp (300K)
0.8 µM [1]

2PAV

43.1%

2.02%

1732 µM

> 100 µM [2]

2BTF

94.8%

22.6%

14.2 µM

∼ 1 µM

The R88E mutation to human PFN1 reduced the binding affinity of the crystal structure by 10 fold in the simulation versus by over 100 fold in experiment. The bovine PFN1 / bovine β -actin simulation sampled a profilin
configuration in the same location as the crystal structure but rotated 180 degrees that was sampled as often as
the crystal structure. The binding affinities of the simulation proteins were a couple orders of magnitude off from
those found in experiment which is consistent with previous simulations using this model.
4.

Discussion

The 10 fold reduction in binding affinity of the R88E human PFN1 demonstrates that the Kim-Hummer model
can capture some of the in vitro effects of the mutation; however, there likely exist specific contacts that reinforce
profilin-actin binding that are not captured by the model. The equi-probable rotated crystal configuration sampled
in the bovine PFN1 / bovine β -actin simulation could suggest that this configuration is an encounter complex
relevant in vivo.
5.
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Abstract: To monitor the growth of multicellular spheroids as model tissues, we used two
complementary techniques. The first one relies on an image-free analysis of the light absorbed by
the spheroids; the second one consists of building a microscope that allows parallelized, high
throughput, imaging of spheroids in physiological conditions. These two methods are aimed at
measuring the spheroid radius as a function of time and at gaining insight into the fate of cells
within the spheroid.
Introduction:
Engineering 3D cultures that may mimic organs or tumors have become a research field of great interest in part for
their biomedical applications in cancer therapy and regenerative medicine. 2D cell culture may lead to some
artificial cell behaviors and demonstrate a lack of physiological/pathological relevance. Additionally, animal testing
is currently strongly limited for ethical reasons. Eventually, in vitro 3D cell cultures emerged as the most promising
approach. The BiOf lab has developed an encapsulation technique that allows to produce multicellular spheroids at
very high throughput and in a controlled manner [1]. The microfluidic coextrusion device consists of three
capillaries or channels: the outermost one, contains a solution of alginate, which is a natural polysaccharide that
crosslinks (i.e. undergoes gelation) in contact with calcium ions; the innermost one contains the cell suspension; and
an inert (aqueous) solution flows into the intermediate capillary to provide a diffusion barrier for traces of calcium
ions in the cell suspension. The gelation of the alginate shells occurs off-chip as droplets fall into a calcium bath.
These spheroids are then transferred into a flask with culture medium (DMEM - Dulbecco’s Modified Eagle Media)
and placed in the incubator (37°C and 5% CO2). In order to investigate the growth of these spheroids, two systems
are currently being used.

Fig 1: Schematic drawing of the optofluidic device dedicated to measure the extinction coefficient and size of flowing spheroids. On the top view
(xy plane), the laser beam is split in two using a beam splitter and two mirrors to reach the objective lenses which focus the light to the
photodiode and camera. From the side view (xz plane) of the detection zone, flowing spheroids pass through the microfluidic chip.

Methods and Results:
The first system to monitor the growth of spheroids is an optofluidic device: spheroids are flown into a chip and
cross a laser beam. Detection of the light passing through allows us to determine the extinction coefficient of the
cellular material and the size of the spheroid. In order to validate this image-free size determination, we have also
measured the size of the spheroids by optical microscopy. Each day, images of these growing spheroids were taken
with a bright field microscope and analyzed using a digital software (ImageJ). The optical module of the setup, as

shown in Figure 1, consists of two laser beams whose optical axes are perpendicular to the flow direction in the
channel of the microfluidic chip made out of PDMS (polydimethylsiloxane, which is a transparent rubber). The first
laser is a “trigger” laser which detects the presence of a spheroid and allow to set the reference time to measure the
speed of the flowing spheroid, and thus derive distance (and size). The second laser is the “analysis” laser. The
photodiode placed behind records light intensity. A drop in transmittance is observed because as the spheroids pass
through the beam, they absorb and scatter light. The extinction coefficient, which is basically given by the BeerLambert law, can also be measured by adapting the calculation for spherical objects and a Gaussian laser beam, to
assess the fate of cells since dead cells and living cells do not absorb light equivalently. Furthermore, different cell
lines do not have the same optical properties.
The second technique consists of imaging individual spheroids in parallel with a simple home-made microscope.
The parallelized microscope to build needs to be relatively compact to fit in an incubator to acquire images “in situ”
(i.e. in the incubator, instead of having to take the capsules out at room temperature). We use microlens arrays for
parallelization, as shown in Fig. 2. The main advantage is that we can get in principle as many as images as
microlenses are available. However, some technical difficulties have to be overcome: distortions are larger than with
conventional lens and the use of two microlens arrays causes multiple optical paths, creating crosstalk between
images (i.e. images overlap) [2]. To reduce crosstalk, an aperture array filter is placed between the two arrays. Two
separate mounts were 3D printed to hold the lenses 20mm apart: one mount held the 15mm focal length array, and
the other contained an aperture array placed 1mm behind the smaller focal length array. As shown in Figure 2, the
camera was placed 15mm away from the first array, and the sample was placed 5mm away from the second array.
This setup design is currently being patented by the host lab.

Fig 2: Diagram of the current model of the microscope.

Conclusions:
3D cell culture is essential to investigate a myriad of spheroids for high throughput analysis. Using the two systems
of flow analysis and imaging, the number of cells, hence, the overall radius of the spheroids can be measured and
observed as a function of time. For future experiments, more parameters from both systems could be measured.
While the first system has been an ongoing project, the second system is relatively new and we plan to develop
smaller aperture arrays to reduce crosstalk in images.
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Abstract: We observe a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid bilayer move in a tank-treading
motion confined in a Polydimethylsiloxane (PDMS) channel using two different fluorescent dyes (Jonsson et al
Langmuir 2009 [1]). The two dyes used are Texas Red™ 1,2Dihexadecanoyl-sn-Glycero-3Phosphoethanolamine, Triethylammonium Salt (TR DHPE) and β-BODIPY™ FL C 1 2 -HPC 2-(4,4Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoyl)-1-Hexadecanoyl-snGlycero-3-Phosphocholine (Bodipy), which bind to the lipid in different positions. We utilize a process known
as fluorescence recovery after photo bleaching (FRAP) where we bleach a portion of the bilayer which then allows
us to see the response of a particular section as it diffuses back. We also observe the intensity of the bilayer in
sections. We calculate the velocity of the motion of the two bilayers with different dyes using ImageJ and Python to
then find the Inter-Leaflet friction of the membrane. The difference in velocities should reflect the dyes effect on the
mobility of the bilayer. © 2019 Daniel Rogers, Autumn Anthony, Aurelia Honerkamp-Smith
1. Main Text
1.1.

Introduction

Lipid bilayers are the structural component of cell membranes so they are a great model system to use in
experimentation. A lipid bilayer is an almost two dimensional structure composed of lipid molecules aligned to
form two layers where the hydrophilic head faces outward towards aqueous solutions while the hydrophobic tail
faces inwards. We seek to study the mobility of these bilayers when undergoing deformation, or flow, as many
biological processes involve and depend on these deformations such as endocytosis, exocytosis, and the shape
changes of red blood cells as they go through small passages. In finding the energy needed to make changes to
these membranes, we take into account the bending rigidity, viscosity, and the inter-leaflet friction. There are well
known experiments to determine the two former, however inter-leaflet friction has not yet been measured
systematically. To successfully systematically measure this parameter, we have to also take into account the type
of dye being used to fluorescently image the bilayer. The dyes used in our experiment are TR DHPE and Bodipy.
TR DHPE is a hydrophilic fluorophore and is positioned on top of the lipid head groups. Bodipy is hydrophobic
and attaches to one of the lipid tails so it is found inside the bilayer. We hypothesize that the molecular structure of
the fluorescent dye can influence our measurement of velocity and inter-leaflet friction.
1.2.

Methods and Materials

We create microfluidic channels using PDMS with replica molds. We use a template with T-shaped channels and
holes at the end of the channels to allow for in/outlets when punched out. To reduce glass roughness, we wet-etch
coverslips (Corning, Cover Glass) in saturated potassium hydroxide (KOH) ethanol solution following a
previously published procedure [2]. We then Plasma Bond PDMS onto the treated coverslips. To prepare the
vesicles, we utilize the method of Electroformation [3]. After we extract the vesicles from the slides we extrude
them through a pore that is 0.1 µm, 19 times so that the giant unilamellar vesicles (GUVs) become small
unilamellar vesicles (SUVs). Next we dilute the SUVs in High Salt Buffer solution and prepare them to be placed
in a syringe which leads to an inlet on the PDMS. We place another buffer syringe on the other end of the Tchannel with two outlets at the cross of the T, and allow buffer to flow through the channel. We then confirm that
the SUVs have formed a supported lipid bilayer (SLB) that looks like Figure1 (left). We then replace the vesicles
tube with High Salt Buffer attached to a syringe pump (Harvard Apparatus). We apply a 0.5mL/min flow until the
vesicles are far enough in the tube that we have an edge (Figure1 (right)) that does not include the cross at the T.
After this we flow at a rate of 0.2mL/min where we flow for 10 minutes using a time lapse, multiple times. During
this we FRAP a portion of each of the bilayers once to observe diffusivity. We flow until recording a graph of the
velocity that gives an adequate amount of time points. We calculate the velocities of the individual membranes by

analyzing the images in ImageJ and plot the data using Python on a position versus time graph, where the slope is
the velocity. We also use ImageJ and Excel to graph the intensity of each bilayer versus its length.
1.3.

Results and Discussion

The measurements show that the velocity of the bilayer that is imaged using TR DHPE is less than that of the
bilayer that is imaged using Bodipy. The velocity of the membrane imaged with TR DHPE is 0.216 ± 0.008 µm/s
while the one with Bodipy is 0.313 ± 0.011 µm/s. The circular portion that we FRAP when using TR DHPE is
seen moving along the upper leaflet and diffuses while slowly deforming with the bilayer as it moves. When
using Bodipy we FRAP a similar region, though we see it diffuse more quickly than the TR DHPE. In this
method we were not able to successfully determine whether two recovering mobile populations were observed
[4]. The different diffusion coefficients of the dye, however, have been proven in past experiments (TR DHPE:
1.7 ± 0.16 µm$ /s; Bodipy: 2.1 ± 0.14 µm$ /s) and likely has some effect on the SLBs motion. We also observe the
intensity of the bilayers and see that TR DHPE is much more concentrated at the front of the bilayers motion. We
believe that this difference in chemical structure and the region where the dye binds affects the overall motion of
the lipid membrane in either case.
1.4.

Conclusion

The velocity of the membrane imaged with TR DHPE is significantly less than that of the velocity of the
membrane containing Bodipy. We hypothesize that this happens due to the differing structures of the dye. We
speculate that the tail positioned dye disrupts the interactions between the hydrophobic tails in each leaflet, which
lowers the inter-leaflet friction, increasing the velocity. Because the velocity affects the inter-leaflet friction
measurements of the bilayer, the knowledge of the ways in which different dyes chemical structures affect these
SLBs is useful for modeling them and their functions. It is therefore important to account for the impact of choice
of fluorescent lipid on inter-leaflet friction measurements.
2.

Tables and Figures
Figure 1. Bodipy dyed SLB showing edge forming at
far left. Bilayer flowing in from right and spreading to
outlet channels on top and bottom (left), and three
images of the gradual movement of a TR DHPE dyed
SLB at 0.2mL/min (right).

Fig 2. A TR DHPE sample graph of position of the leading edge vs. time (left), and the velocities of each SLB imaged with different dyes (right).
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Abstract:
To measure the spin conductivity of a gas of lithium atoms, an oscillating strong magnetic
field is necessary to create the spin-dependent force. This project aims to build an antenna
to generate required magnetic field.1 © 2019 Jianyi Chen
OCIS codes: 000.0000

1.

Introduction

For normal metals, since they are usually solid, the distance between each atom is very small, which leads
to a complicated interaction between electrons in the metal. Therefore, it is hard to model the physics behind
them. A low-temperature gas of trapped lithium atoms can mimic the behavior of electrons in the metal and the
interaction between atoms of gas state metal is much simpler. In order to measure one of the important properties,
spin conductivity of a gas of atoms by exerting a spin-dependent force to the gas.
Normally a spin-dependent force Fs can be produced by a static gradient in the magnetic field (magnetic field
with spatially varying amplitude), just as what was done in Stern-Gerlach experiment because the Fs is directly
proportional to the difference between magnetic moments. In this project, the same electron spins are chosen to
study the strong interaction between atoms and the atoms are desired to be separated by their different nuclear
spins. While the difference between the magnetic moment caused by the nuclear spin of atoms is so small that the
spin-dependent force created by a static gradient in the magnetic field is too weak to separate them. Therefore, to
get a stronger spin-dependent force, an oscillating magnetic field that can cause resonance with atoms is chosen to
separate atoms according to their nuclear spin. In this project, in order to get a large enough magnetic spin current
that is measurable, a magnetic field oscillating at the frequency of 80 MHz is needed. Thus, the antenna should be
designed to be able to generate an electromagnetic wave at 80 MHz. Since the size of the antenna is limited by the
chamber where it should be placed, the diameter cannot exceed 2.54 cm. Impedance matching is necessary to get
a large output from such a small antenna.
2.

Calculation

2.1.

Properties of the antenna

In the project, in order to simplify the model, a simple single loop antenna is chosen. The antenna has a diameter
of 2.54cm and the wire in use has a diameter of 0.5mm. Since this is a single loop wire, it can be modeled as an
inductor in series with a resistor. The inductor is due to the self-induction of the loop wire and the resistor is
due to the ohmic resistance and the radiation resistance. For current at 80MHz, the skin depth of the wire is
−2
√
δ = 6.52×10
m = 7.29 × 10−6 m [1], which is much smaller than the diameter of the wire. Thus the equation for
ν(Hz)

the inductance is:
µ0
0.373A
C ln
(1)
4π
a2
where C is the circumference of the wire loop, A is the area of the wire loop, and a is the diameter of the wire. [1]
Then inductance of the loop can be calculated by using equation 1 and is 5.29 × 10−8 H.
The skin depth also affects the ohmic resistance of the loop since the area in which the electrons can flow
through is limited so the area Ae can be approximated by the product of the skin depth and the circumference
of the cross-section of the wire. Thus the ohmic resistance is Ro = ρC
Ae = 0.118Ω. Besides, another resistance
component called radiation resistance should be taken into account and it is Rr = 31171( λA2 )2 = 5.7 × 10−4 Ω. [2]
L=
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2.2.

Impedance matching configuration

Impedance matching should be achieved to eliminate the reflection within the cable at specific frequency to
maximize the output power. Generally, impedance matching can be achieved by using either lumped elements or
stub tuning method. While there is always more loss within lumped elements than within coaxial cables, singlestub tuning is chosen. Since coaxial cables are in use, a shunt shorted stub is preferred. The configuration is
determined by two adjustable parameters: the distance, d, from the antenna to the stub position, and the length, l,
of the shorted stub. In order to achieve impedance matching, first the distance d should satisfy the equation:
RL (1 + t 2 )
1
= 2
Z0
RL + (XL + Z0t)2

(2)

where t is just tan(β d) and β is just the wavenumber of the signal but it is different from the wavenumber in the
vacuum. Then the length l should satisfy the equation:
tan(β l) =

R2L + (XL + Z0t)2
.
R2Lt − (Z0 − XLt)(XL + Z0t)

(3)

In both equations, RL and XL are the real part and the imaginary part of the impedance of antenna, Z0 is the
characteristic impedance of the coaxial cable. [3] After the calculation, d should be 1.03m and l should be 1.7cm.
3.

Result

A spectrum analyzer and a directional coupler are used to check if the antenna is impedance matched. Based on
the calculation, the configuration of impedance matching is built based on the schematic shown in Figure 1 and
the real configuration is shown in Figure 2.

Fig. 1. The schematic of the impedance matching

Fig. 2. The configuration of impedance matching

One can tell if the impedance matching is achieved by seeing the amplitude of the reflected signal at 80MHz:
impedance matching will cause a large reduction of the reflected signal. By using the directional coupler, the
amplitude of the reflected signal can be measured and following are the comparison when the antenna is directly
connected to the coupler and when the impedance matching is achieved. When a pickup coil is used to measure
the output power half an inch away from the antenna with different configurations, one can find that the antenna
with impedance matching can produce an output about 4 times to the antenna directly connected to the input.

Fig. 3. Directly connect the antenna to the coupler
4.

Fig. 4. Connect with impedance matching.

Conclusion

In the previous section, Figure 3 and 4 show that the impedance matching is achieved at 80MHz. For this project
during the summer, the agreement between the calculation and the experiment shows that assumptions made and
theories used are valid and impedance matching is achieved. The next step is to use the prototype and make it to
be more practicable and compatible with the vacuum system of the real experiment.
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Abstract: Indoor air pollution represents a major threat to human health. A recently developed
spectroscopic and mechanical microscopy technique of 10nm spatial resolution is used to reveal
the nanoscale structures of particles from sidestream cigarette smoke. © 2019 The Author(s).
OCIS codes: 010.1110 Aerosols. 180.5810 Scanning Microscopy. 300.6340 Spectroscopy, Infrared.

1. Introduction
1.1. Outdoors vs. Indoors Aerosol Pollution
The average American spends about 90% of their daily time indoors [1]. As a consequence, the exposure to
particulate matter (known as PM2.5) present in indoor air is unavoidable, and arguably of higher importance than
the ones present in outdoor air. The aerosols found in closed spaces such as households, offices, and schools, are
highly influenced by the quality of the exterior air, contributing to more than half of indoor air contamination;
however, a fraction of these gasses also originate from indoor-specific sources, such as cooking, cleaning, and
smoking [2]. Therefore, the scientific community has begun studying the composition and dynamics of air in
hopes of determining potential risk factors we might be unaware of, and developing solutions to foster a healthier
living environment.
1.2. Sidestream Cigarette Smoke
One of the most common indoor air pollutants is cigarette smoke. Sidestream smoke refers to the passive emission
from a burning cigarette that is left aside, different from the mainstream smoke, which is the one contained in
exhaled puffs. Sidestream smoke composition has been studied since the 1960s, allowing us to know more than
700 different chemical components in it [3]. Although its consumption has been limited over the past years,
cigarette smoke is still prevalent in our surroundings, especially in households.
1.3. Peak Force Infrared Spectroscopy
The present work intends to demonstrate the use of a recently developed method for spectroscopic observation of
materials in the nanoscale, the Peak Force Infrared Spectroscopy (PFIR), and how this technique can reveal
features of smoke particles with a high spatial resolution that can aid the further study of this and other composites
present in the air.
2.

Methods

Peak force Infrared Spectroscopy uses an Atomic Force (AFM) microscope and a beam of infrared light (IR) to
reveal the physical features and chemical composition of the sample respectively. The AFM uses a small needle that
detects the pull of the molecules on a surface, hence detecting its changes in height, stiffness, and stickiness.
Meanwhile, the applied IR light reveals the infrared absorption spectrum of specific molecules present in the
sample, thus aiding the identification of its chemical composition.
This method, developed by Dr. Xiaoji Xu, differs from other techniques such as Fourier Transform Infrared
(FTIR) microscopy in the spatial resolution that can be obtained: other optical spectroscopies are limited to a half of
the wavelength of light, while PFIR achieves a spatial resolution of up to 10 nm [4]. This resolution is relevant for
studying particles of small sizes, such as aerosol particles, which have been identified to have a diameter of fewer
than 2.5 µm, hence known as PM2.5.
To test the PFIR spectroscopy on cigarette smoke, the sidestream smoke of a lit-up cigarette is gathered on the
inside of a dome which allows the smoke to settle on top of a silicon wafer, forming a thin layer. A sample space
with ideal features for scanning was identified, and a particle within it was chosen to be observed. We studied
topography and mechanical properties of the particulate matter and measured its IR absorption spectra to obtain a
range of frequencies that were used to reveal the chemical composition.

3.

Results

b)

a)

c)

d)

Fig. 1. PFIR images from a 1 µm by 500 nm area. (a) Topography of the aerosol particles (b) IR spectra at each of the locations identified
in (a). (c and d) PFIR images with infrared frequencies at 1604 cm-1 and 1725 cm-1 respectively.

The PFIR images of the smoke obtained at wavenumber 1604cm-1 (Fig. 1c) highlight the areas that contain
unsaturated hydrocarbons while at wavenumber 1725 cm-1(Fig. 1d), the areas that stand out in the image represent a
possible composition of oxygenated organics [4]. Another interesting characteristic observed was that although the
silicon wafer was exposed to the smoke for a short time, the particles that were attached to the surface presented
high adhesion, low melting point, and constant molecular rearrangement.
4. Conclusion
From the mechanical properties and the chemical information obtained through PFIR, we were able to observe that
sidestream cigarette smoke settles as a viscid substance containing particles of varying sizes. These particles tend to
arrange themselves in clusters and present different chemical compositions. This composition was shown to be
similar to the one found in outdoor aerosols [4].
It can be inferred that due to the stickiness of the substance, the particles tend to adhere with ease, making indoor
smoking a major source of stains, odors, and decay of surfaces. This might also correlate with the accelerated
oxidation of the skin and numerous pulmonary conditions that smokers present [5].
All this information and the relationship between these properties can be studied in close detail through the use of
Peak Force Infrared Spectroscopy. By enabling a spatial resolution of 10nm, this method reveals the intra-particle
organization of particulate matter of fewer than 2.5 µm in diameter. Further field studies and statistical analysis may
provide better insight into the characterization of indoor aerosols and their effects on human life.
5. References
1.
2.
3.
4.
5.

Rivas, I., Fussell, J., Kelly, F. and Querol, X. “Indoor Sources of Air Pollutants” in Issues in Environmental Science and Technology, 1-34
(2019).
Hänninen, O. and Goodman, P. “Outdoor Air as a Source of Indoor Pollution” in. Issues in Environmental Science and Technology, 35-65
(2019).
“How tobacco smoke causes disease”. Rockville, MD: U.S. Dept. of Health and Human Services, Public Health Service, Office of Surgeon
General. (2010)
Wang, L., Huang, D., Chan, C., Li, Y. and Xu, X. “Nanoscale spectroscopic and mechanical characterization of individual aerosol particles
using peak force infrared microscopy” in Chemical Communications, 53(53), 7397-7400 (2017).
Vu, T. and Harrison, R. “Chemical and Physical Properties of Indoor Aerosols” in Issues in Environmental Science and Technology, 66-96.
(2019).

Charge Carrier Dynamics in Nanostructured Sb2S3-TiO2
Heterojunctions
Hannah Rarick1*, Elizabeth Young2
1
2

Department of Physics, Willamette University, Salem, 97301OR
Department of Physics, Lehigh University, Bethlehem, 18015PA
*
hdrarick@willamette.edu

Abstract: As the global energy demand increases, the search for more efficient renewable
energy sources intensifies. Solar energy holds great potential in meeting the global energy
needs. The Young Lab studies charge carrier dynamics between various thin-film
heterojunctions containing Sb 2S 3. In nanostructured Sb 2S 3-TiO 2 heterojunctions, the Young
lab investigated the differences in lifetimes between annealed (anatase) and non-annealed
(amorphous) TiO 2 nanotubes.

1.

Introduction

From 1990 to 2018, the United States has increased its energy consumption by over 18% becoming the second
highest energy consumers with an annual usage of 2.63 × 10 10 MWh in 2018. Only 11% of this energy consumption
is derived from renewable sources. In the United States, renewable energy is mainly comprised of wind,
hydroelectric, and biomass. At present, solar energy makes up 7% of renewable energy sources, although it has a
theoretical value of 89,300 TWh and shows strong potential to fuel our global energy needs. In Pennsylvania
harvesting solar energy from only 2.2% of the surface area would be needed to power the state’s residential
electricity demand of 2.55×10 8 MWh. Until today, commercialized solar cells mainly consist of silicon-based
wafers, however, Dr. Young’s lab investigates thin-film solar cells and the charge carrier dynamics in
nanostructured Sb 2S 3-TiO 2 heterojunctions to help develop the next generation of efficient solar cells.
2. Experiment
2.1.

Structure of Sb 2S 3-TiO 2 heterojunctions

In a complete solar cell, several distinct layers are necessary. In Figure 1, the
Sb 2S 3 acts as the light absorber where the electrons become excited. A ZnS
layer is added on the top of the TiO 2 to prevent dewetting of the Sb 2S 3 from
the TiO 2 surface on which it is deposited. In our samples, the TiO 2 and the
organic polymer P3HT serve as the electron and hole transport material,
respectively, that are used to separate the photo-generated charges. Electrodes
(ITO and Au) are used to funnel charge out of the solar cell device. Instead of
investigating the entire solar cell, the Young lab dissects the solar cells to study
the photophysical contribution of each layer. For our most recent research, we
focused on charge carrier dynamics at the interface of Sb 2S 3 and
nanostructured TiO 2 heterojunctions.
2.2.

Fig. 1: Thin film heterojunctions in planar {left}
and nanostructured geometry {right} with TiO 2
{blue}, ZnS {brown}, Sb 2 S 3 {green},and
Glass/ITO {grey}. In the planar geometry, P3HT
{red} and Au {yellow} are added.

Preparation of Heterojunctions

The investigated samples were prepared at Friedrich-Alexander University
Erlangen-Nuremberg (FAU) using anodization and Atomic Layer Deposition (ALD) to create thin film heterojunctions. The TiO 2 nanotubes were prepared by anodization. The lengths of the TiO 2 nanotubes, for the current set
of samples, range from 250-1000 nm. Afterwards, a sample of each TiO 2 nanotube length was annealed at 500
degrees Celsius turning amorphous TiO 2 to its anatase structure. A non-annealed sample with each TiO 2 nanotube
length was prepared, too. By using ALD, the FAU group deposited thin layers of 1 nm of ZnS and 7 nm of the
Sb 2S 3.

2.3.

Investigation of Nanostructured Sb 2S 3

Transient Absorption Spectroscopy (TAS) was used to investigate the
photophysical processes that occur within materials on pico- to nanosecond
scales. By using TAS, we observed the change in absorbance at specific
wavelengths after photoexcitation. In TAS, a pump pulse excites a fraction
of the molecules and after a certain time delay the probe beam passes through
the sample. This process continues with varying time delays between the
pulse and probe beam. The probe beam is measured by a detector to acquire
the absorbance spectra of the photoinduced state. The TAS spectra are
obtained by subtracting the absorbance spectra of the photoinduced state and
a reference spectrum from one another. In previous research, the Young Lab
and Bachmann Group (FAU), investigated Sb 2S 3/TiO 2/P3HT
heterojunctions with planar geometry. Three lifetimes were identified for this
system (Figure 2). The first lifetime, τ1, is due to excitation of the Sb 2S 3
followed by free carrier formation and transfer to the TiO 2. The lifetime, τ2,
represents the reverse transfer from the TiO 2 to the light absorber, Sb 2S 3.
Finally, τ3, describes the electron-hole recombination in the Sb 2S 3.
3.

Fig. 2: The scheme of the lifetime and the energy
band diagram depict the charge separation and
diffusion, reverse transfer, and recombination lifetimes {A}. The energy band diagram in image B
depicts the HOMO and LUMO states.

Results and Conclusion

After measuring the change in absorbance for the samples with nanotube
lengths of 250, 500, 750, 1000 nm with either amorphous or anatase TiO 2,
we extracted the lifetimes and spectra of corresponding processes using
global analysis and single-wavelength kinetic fitting. After plotting global
analysis spectra (Figure 3), we observed similar features for the samples with
amorphous and anatase TiO 2. Despite the samples demonstrating similar
features, the value of the second lifetime for amorphous was greater than
anatase TiO 2. In Figure 4, the column for the second lifetime, τ2, illustrates Fig. 3: The amorphous {left} and anatase {right}
of 250nm {top} and 750 nm {bottom} TiO
that the lifetimes for anatase TiO 2 are several hundred picoseconds less than graphs
nanotube lengths
the amorphous TiO 2.
Using Figure 4, we can make conclusions about the impact of annealing
the TiO 2 nanotubes. Since the rate of the lifetimes are inversely proportional to the lifetimes themselves, Figure 4
shows us that the second lifetimes for anatase TiO 2 have a much faster rate for τ2 as we would expect based on the
better electric conductivity of anatase compared to amorphous TiO 2. Since the anatase samples have more structure,
they provide a better pathway for the electrons to travel through the interface. This better pathway allows for a faster
rate of τ2 compare to the amorphous samples.
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Abstract: We investigated quantum beat behavior indicative of intermediate singlet fission processes in rubrene crystals by using a newly designed apparatus to better manipulate
an applied magnetic field and by analyzing the resulting photoluminescence time dynamics.
© 2019 The Author(s)

1.

Introduction

When a material absorbs a photon, one electron is promoted to a higher energy level, leaving behind a positively
charged hole and creating a bound, stable electron-hole combination called an exciton. A singlet is an antisymmetric pair of electrons (a pair with opposite spins) whereas a triplet is a symmetric pair of electrons (a pair
with like-spins).
When a molecular crystal with closely packed molecules (with the correct singlet and triplet energy levels) is
photoexcited, singlet excitons undergo singlet fission and transition into two triplet excitons, each with roughly
half the energy of the original singlet exciton. There are many proposed mechanisms for this process (direct,
indirect, Dexter, spin exchange, etc.) but generally singlet fission can be described by1
1

S0 +1 S1 → 1 (T1 T1 ) → 1 (T1 ...T1 ) → 3 T1 +3 T1

(1)

Here, the left superscripts denote singlet and triplet states and the right subscripts denote the ground and first
excited electronic states. The 1 S0 and 1 S1 singlets are pairs of electrons on neighboring molecules. While the final
result is two fully independent triplet excitons, 3 T1 +3 T1 , the intermediate states are a superposition of triplet states
characterized by overall singlet behavior (even as the two triplets move away from each other). This multiexciton
state is what we hope to better understand.
The created triplet exciton pairs have the liberty to wander around the crystal
until recombining into a singlet exciton via fusion. This re-formed singlet exciton
can then fall back to the ground state and emit a photon. If fusion occurs between
triplets originating from the same singlet, the pair is said to be geminate and recombine in geminate fusion. The photoemission by triplet fusion leads to a delayed
photoluminescence (PL), and in the interest of investigating the multiexciton state,
we are specifically interested in the behavior and delayed PL of geminate triplet
pairs.1
Rubrene is an organic hydrocarbon molecule consisting of a tetracene backbone
and four phenyl side groups. Crystalline rubrene has significant photoconductivity
properties, high charge carrier mobility, lengthy triplet exciton diffusion, and is
generally easy to synthesize. As such it serves as a model molecule for probing Fig. 1: (a) Single rubrene molecule (b)
deeper into the mechanisms of singlet and triplet exciton evolution, which are im- Herringbone molecular packing structure within rubrene single crystals
portant themes in the field of photovoltaics.
(c) The spin exchange model for singlet
Previously, this group has observed “wiggles” in the PL dynamics of rubrene fission. One singlet exciton yields two
excitons with half the energy or
in the presence of an applied magnetic field. These wiggles are single frequency triplet
less.
oscillations called quantum beats which represent oscillations in the probability
of geminate triplet fusion and therefore serve as direct optical proof of a spin-correlated multiexciton state.1
The electronic state responsible for the quantum beats is a superposition of two states with different energies,
and the probability of photon emission oscillates with a frequency proportional to their energy difference. By
adjusting the strength and orientation of the magnetic field about the crystal, the energies of each state change,
which affects the frequency and amplitude of the quantum beats.2

2.

Experimental Design and Analysis

Our primary objective was to measure rubrene PL dynamics in a magnetic field stronger
than 0.3 Tesla at various orientations. We accomplished this by fixing two 1” diameter
and 1” thick cylindrical neodymium permanent magnets within a C-shaped steel frame.
Our design has a field strength between the magnets of 0.08 T at a maximum separation
of 5 cm and a field strength of 0.8 T at a 1 cm minimum separation, allowing us to tune
the magnetic field strength over an order of magnitude (measurable using a Hall probe).
A sample holder held in place by a 3D-printed holder that extends between the magnets
allowed us to keep the sample fixed while tuning the magnetic field direction by rotating
the magnets. All measurements were performed on pristine rubrene single crystals using
a Light Conversion PHAROS laser emitting 150 fs laser pulses with a wavelength of 513
nm and a 200 kHz repetition rate. We generally allowed for 1 hour integration times.
Fig. 2: Magnet mounting appaThree types of interesting plots can be generated from these measurements: the PL ratus with sample holder. The
dynamics, and ratio and percent difference plots using combinations of raw and fitted data magnet separation can be adjusted from 1 cm to 5 cm and
with and without the magnetic field. Ultimately, the analysis that most clearly defined the the system can be rotated 360◦
relevant beat parameters involved curve-fitting the PL dynamics of the measurement of about the z axis.
interest, taking the ratio between that fit and the raw data, smoothing the ratio, and finally performing fit statistics
for the simple sinusoidal model, 1 − a cos(2π f t).
3.

Results

In our first investigation, the incident laser beam was parallel to
the crystal c-axis. We rotated the magnetic field about the c-axis
from 0◦ (parallel to b-axis) to 90◦ (parallel to a-axis) in 15◦ increments. Clearly defined beats were observed at the 0◦ orientation
with a frequency of about 0.6 GHz, which agrees with published
measurements.1 However, with as little adjustment as 15◦ , the beats
significantly diminished in amplitude if not all together disappeared.
In fact, for every subsequent angle measurement up to 90◦ , observable beats proved to be elusive and no significant frequency was identified by FFTs or fit algorithms. This prompted us to more closely examine the region between 0◦ and 15◦ . The angular precision within
Fig. 3: PL Dynamics with the incident beam parallel to the
this region is not highly refined, but we actually found a maximum c-axis and a 0.8 T magnetic field at 10◦ . Inset: The ratio be◦
beat amplitude at roughly 10 , implying a significant inflection point tween the raw data and fitted data. The best fit frequency and
amplitude are 0.610 GHz and 0.033 respectively.
in beat activity. Finally, we measured the relationship between beat
amplitude and magnetic field strength at 0.2 T, 0.4 T, and 0.6 T and found it to be approximately linear.
In our second investigation, we selected crystal samples with thick b-c faces and the laser beam propagated
along the a-axis. We took measurements again from 0◦ (parallel to b-axis) to 90◦ (parallel to c-axis) but in 30◦
increments so as to recreate the measurements published by Wolf et. al.1 Indeed, we observed strong beats at 60◦
and 90◦ that generally agreed with those identified by Wolf et. al. However, beat activity was considerably less
distinguishable at 0◦ and 30◦ . Finally, we once more measured the relationship between beat amplitude and field
strength at 0◦ and found no significant increase from 0.2T to 0.8T. That said, this measurement might be better
preformed with the field at 90◦ , as that was the orientation with the most clearly visible quantum beats.
4.

Conclusion

In our investigation of quantum beat behavior in single rubrene crystals, we used a new experimental design with
significantly greater magnetic field strength to explore field orientations about the crystollographic a-axis and caxis. While rotating the field about the a-axis generally yielded beats similar to those seen in previous studies, we
ultimately found that rotating the field about the c-axis yielded most significant beat activity only within 15◦ of
alignment with the crystal b-axis, after which point they were no longer conclusively observable.
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Abstract: We demonstrated poling of small-molecule assemblies of DDMEBT by applying an electric field at a temperature of 80◦ C. Through vapor deposition, we were able
to observe the effect that thickness has on the signal output of poled films. © 2019 The
Author(s)

1.
1.1.

Introduction
DDMEBT

DDMEBT (shown in Figure 1) is a donor-acceptor substituted organic molecule
with a dipole moment of 11 Debye [1]. Since the molecule has a dipole moment,
the application of an electric field during corona poling may reorient molecules inside the thin film. The donor-acceptor property lowers the first attainable excited
state, producing a large nonlinear effect. DDMEBT has shown strong third-order
nonlinear effects, and when vapor deposited, the resulting organic thin films have
high nonlinearities and good optical quality. Thin films of DDMEBT have been
successfully used in integrated silicon-organic-hybrid devices for nonlinear optical
applications. If organized into a dense molecular assembly with a preferred molecular orientation, DDMEBT thin films can potentially provide large second-order
effects as well. The small size of the molecule allows for the formation of dense
thin films through the process of vapor deposition.
1.2.

Fig. 1. DDMEBT [1]

Second-Harmonic Generation

Second-harmonic generation (SHG) is a process in nonlinear optics where two photons of equal frequency interact with a nonlinear material, then combine to generate
a new photon as seen in Fig. 2. This new photon has twice the frequency and half
the wavelength of the previous photons. In order for second-harmonic generation
to be achieved, the molecules in the thin films must have a preferential orientation.
This can be achieved via the corona poling process. In the presence of an electric
field, the preferred orientation of the thin films can be described by the distribution function, p, dependent on the angle θ between the molecular dipole ~µ and the
electric field.
µE
µE cos θ
p(θ , φ ) = e kB T = e kB T

Fig. 2. SHG Schematic [3]

Where E is the applied field, kB is Boltzmann’s constant, and T is the temperature. Because second-harmonic
generation only occurs in materials with a broken symmetry, it is a sensitive probe for detecting a small preferential
orientation of the DDMEBT molecules.
1.3.

Corona Poling

The process of corona poling is used to apply an electric field that breaks the symmetric nature of a DDMEBT thin
film; consisting of randomly oriented molecules. The process of applying an electric field to the thin film includes
a high voltage (~5 kV) needle placed a centimeter above the sample. The high voltage produces ions in the air
between the sample and the needle, which then collect on the surface of the sample. The accumulation of these
ions produces an electric field in between the DDMEBT thin film and the grounded ITO substrate. This electric
field induces a preferential orientation of the molecules within the thin film. The sample is heated to a constant
temperature of around 80 to 100◦ C. Upon cooling the sample to room temperature, continuously applying the
electric field, the molecules freeze in the desired preferential orientation. The degree of orientation of the films is
studies in, during, and after the poling process via second harmonic generation.

1.4.

Maker-Fringe Set-Up

The experimental set-up we use is shown in Figure 3. This set-up allows us to
detect the second-harmonic generation and collect the corresponding data. This
set-up includes a pulse laser beam from a Clark-MXR laser which passes through a
Traveling Wave Optical Parametric Amplification System (TOPAS). From there the
beam passes through a fresnel rhomb. The fresnel rhomb changes the polarization
of the beam from vertical to horizontal. The beam passes through a linear polarizer
which ensures that the correct polarization passes through the DDMEBT sample.
The second harmonic signal generated in the DDMEBT film passes through another linear polarizer, and through two filters. These two filters discard any traces
of the fundamental beam, as well as any third-harmonic generation. This allows Fig. 3. Maker-Fringe Set-up [2]
only the second-harmonic generation to be detected. The second-harmonic generation is detected through a photomultiplier tube, and allows the signal output to be seen using an oscilloscope.
2.

Results

We observed a very small preferential orientation that occurs naturally during vapor deposition. We vapor deposited DDMEBT thin films that ranged from approximately 45 to 240 nm thick on top of conductive ITO-glass
substrates. This enabled us to study the corona poling effects over various film thicknesses. During the experiment, we heated the films up and watched the second-harmonic signal go away. At the temperature where the
signal began to disappear, we began poling. We studied the effect of increasing the poling voltage and then cooled
the sample, with poling voltage on (to freeze in the preferential orientation). The signal strength of the samples
continued to increase during poling and cooling. The 240 nm thick films showed a signal strength of about two to
six times larger than that of the 45 and 58 nm thin films. A comparison of the second-harmonic generation during
poling between the samples can be seen in Figure 4.

Fig. 4. SHG During Poling and Cooling
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Abstract: Determining the most efficient light-emitting diode structure poses as an intriguing issue
in the field of optics. Doping the layers with europium through organometallic vapor-phase epitaxy
serves as a potential method of obtaining optimal red luminescence. These in situ doped samples
were studied through combined excitation emission spectroscopy showcasing sites and their relative
concentration. Comparing this to the UV spectrum obtained at low power levels reveals the different
excitation efficiency of the centers. Comparing samples, we found that the multi-layered (MLS)
sample with optimal growth parameters and growth conditions demonstrated centers with strong
energy emission that serve as a promising candidate for the application of the europium ion within
LED structures.
1.
1.1.

Background
Introduction

The innovation of LEDs has definitively changed the user experience across various devices, whether on a smartwatch or television screen. Efforts to move from the liquid crystal display (LCD) to active LED based displays has
been underway due to the lower power consumption of such displays. Further key advantages include potential in
saving energy and moving forward the evolution of solid-state lighting [1]. The practice of using gallium nitride as
a basis for white LED structures stems from its favorable qualities in electric and thermal applications [1,3]. Blue
and green LEDs already apply the GaN base for this reason. In those LEDs, increasing indium works as a way to
change between the two colors. However, this indium content fails to provide the same effect for the red color as
lattice mismatch heavily affects its lattice quality. Lattice mismatch occurs in green LEDs as well but only on a
relatively small scale; this mismatch in emitting the red color is much more significant and more often leads to
breakage. In order to expand upon the GaN based structure, a rare earth element, europium, serves as a promising
alternative due to its sharp, thermally stable emission [2]. The samples utilized in this experiment consist of bulk,
multiple layers (MLS), and multiple quantum wells (MQW) with varying concentrations of the europium ion.
1.2.

Theory

Once excited, the semiconductor samples release energy that takes the form of light which can be observed.
Doping the GaN layers with Eu3+ allows for emission through the bandgap
energy, since an additional energy path from the bandgap to the europium is
created. The excited Eu ions can then release photons. In order for
excitation paths to occur above the bandgap, shining ultraviolet light on the
sample is vital. This allows for the translation from the bandgap to the
electron hole pair. However, deficiency may occur in this process; therefore,
resonant excitation from the dye laser provides excitation energy to the
excited Eu3+ more directly. Optical spectroscopy allows insight into the
emitting majority and minority centers, each defined as so by their
excitation energy [3]. These centers are referred to as OMVPE 1/2, 4, 7 and
8, though not all centers are strong for every sample.
Figure 1, structure of samples.

1.3.

Experimental Procedure

The samples are mounted and placed in a cryostat that will allow for the experiment to occur at low temperatures
(20K) within a vacuum. The set-up consists of optical pumping in which the power from one laser supplies a beam

to the tunable dye laser that distributes different wavelengths to the detector. To produce a desired wavelength, the
dye laser utilizes a crystal made movable via a motor. The laser beam enters through the microscope objective and
collects the emission. The sample should be placed at an appropriate focal distance in order for the maximum
amount of excitation and emission to occur. Connected to the microscope are both the tunable dye laser and a low
power ultraviolet laser via channels. Each laser serves its own unique purpose in the experiment. Unlike the UV
laser, the dye laser provides wavelengths found along the visible spectrum. Due to their differences in
wavelengths, each laser provides its own excitation method that allows for more insight into the sites of interest.
Each laser must excite the sample separately in order for the detector to record a useful emission. For reference,
775 serves as the bulk sample, 2213 as the MLS sample, and 1602 as the MQW sample.
2.

Results and Discussion

According to Figure 2, 2213 and 775 display the highest relative intensities among all three samples. However, when
analyzed through the program Igor, a peak fitting will indicate the area of 775 to be higher than that of 2213 in only
the slightest.

Figure 2, intensity from OMPVE 4 emission centers.

However, Figure 3 compares the emission intensities among the three samples when exposed to UV light. In this
respect, the figure demonstrates sample 2213 as having the greatest area in terms of emission intensity.

Figure 3, emission intensities of all centers.
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Abstract: Using a half-wave plate an algorithm was created to minimize power changes that occur when
the angle of light polarization was changed in the fs-laser crystal growth experiments. Previous work in the
group has indicated that the growth rate of crystals is affected but there was uncertainty regarding the
influence of changes in the laser intensity that resulted from polarization. Preliminary EBSD and SEM
measurements indeed revealed a dependence of the growth on the polarization direction.
OCIS codes: 130.3730, 130.5296

1. Introduction:
Laser-induced crystallization is an effective way of fabricating crystals in glass and other transparent materials
owing to the fact that the process is clean, precise and does not require contact. The crystals obtained are of interest
because of their potential use in optical data transmission. The issue tackled in this paper was that of maintaining
consistent power when the polarization angle was changed. For this work, LiNbO3 crystals were fabricated in
Lithium NioboSilicate glass with 30 mol percentage of silicon dioxide in the glass. Cao et al observed that at
moderate pulse energies, (0.5-0.9µJ/ pulse, 300kHz) textured nanocrystals are obtained with their polar axis
perpendicular to the writing laser polarization direction[1].
Crystal fabrication can be achieved through the use of continuous-wave lasers as well as for laser with ultrashort
pulses [2]. In this experiment, an infrared femtosecond laser (ultrashort wave pulses) was utilized resulting in
crystallization below the surface of the glass. The high repetition rate of the femtosecond laser, (which results in
high-temperature accumulation in the focal volume as well as in the area surrounding it) facilitated nucleation and
the growth of the crystals within the glass. Crystals can only form in the presence of nuclei [1]. Nucleation is the
dynamic process that determines how difficult it is for a crystal to form in a system [2]. There are two types of
nucleation which can occur; heterogeneous nucleation and homogenous nucleation. Heterogeneous nucleation
occurs on the surface as well as on defects within the glass. [1,2]. On the other hand, Homogenous nucleation can
occur with equal probability throughout the glass and requires the formation of nuclei of a critical size. Nuclei that
are not of the critical size are unstable and dematerialize [2]. Once nuclei were produced green light was observed
due to a phenomenon known as second harmonic generation; a non-linear optical process by which two photons in a
non - linear optical material combine to form a new photon with double the energy and half the wavelength of the
original two photons. Infrared radiation of wavelength 1030nm was utilized. Half of this is 515nm which is roughly
the wavelength of green light.
2. Experimental Procedure:
The molar composition of the glass used in this paper was 35.0Li20-35.0Nb2O5-30.0SiO2. 30-gram batches of the
raw materials were mixed and melted in a crucible in an electronic furnace. The mixture was ramped to 750 ℃ at a
rate of 10 ℃/ min. This temperature of 750 ℃ was maintained for 30 min after which it was ramped to 1400 ℃ again
at a rate of 10 ℃/ min. Finally, the temperature was held constant at 1400 ℃ for 2 hr. The resulting mixture was
removed from the electronic surface and poured onto a steel plate (heated to 500 ℃) and transferred to another
electronic furnace preheated to 500 ℃. The glass was annealed for 2 hr and subsequently cut into smaller samples

which were then polished and irradiated with a femtosecond laser. Before reaching the glass sample, the vertically
polarized laser beam passed through a half-wave plate and then a linear polarizer. The linear polarizer set the angle
of polarization thereupon the half-wave plate shifted the direction of the polarized light until the desired intensity
was achieved. LabView was utilized to create an algorithm that would generate the half-wave plate angle required to
output the chosen power. A power of 100mw was used to construct a calibration table while a power of 1200mw
was used to carry out the crystallization process.
Fig. 1 Calibration Table: Table mapping the desired linear polarizer angle onto the half-wave plate necessary to maintain power

Linear
Polarizer
Angle

Half
Wave
Plate
angle

0

20

40

60

80

90
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140

160

180

22

36

46

57

66

69

6

14

3

12

21

3. Results and Discussion:

Fig 2. Graph of polarization angle of the linear polarizer vs the crystal length in microns. The blue line shows the width of the crystals 190
micron from the seed while the red line shows the width of the crystals 270 micron from the seed

The results show a standard deviation in the width of the crystals of 0.718 at 190 micron and 0.451 at 270 micron.
While there isn’t much variance in the width of crystals at a certain length from the seed, there is a uniform decrease
in the crystal width the further away from the crystals the measurements get.
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Abstract: Using computational chemistry to investigate sustainable conversion of biomass into
biofuels and consumer goods. Specifically, quantifying the energetics of homogenous Ru-centered
catalytic cycles to design new scalable, selective biomass catalysts. © 2019 The Authors
OCIS codes: 020.0020, 080.1753.

1. Background
We live in a world where industries are demanding an increasing amount of consumer products, fine chemicals, and
fuels, made in better, more sustainable ways [1]. Biomass conversion is a promising solution to a greener industrial
future. Biomass, organic waste matter that is derived from wood, agricultural crops, or manure [2], is composed of:
lignin, hemicellulose, and cellulose. Lignin is the most abundant and most useful. However, is the hardest to breakdown and thus poses a challenge to efficiently convert biomass to consumer goods [2].

Fig. 1. Relevant molecules. Ru pre-catalyst (left), levulinic acid (center), and the three major products (right)

There are two main ways to perform biomass conversion: homogenous or heterogeneous catalysis [3].
Homogeneous catalysis occurs with the reactants and catalyst in the same phase, and is commonly employed using
metal-centered catalysts that provide high yields and selectivity. Therefore, for every reactant put in, the outcome is
most often the desired product. However, these catalysts are considered lab scale as it is hard to scale up reactions
due to constant mixing required. Whereas, heterogeneous catalysis is commonly employed on large scale in
industry. Having the catalyst as a solid and the reactants and products as either gases or solutions allows for high
throughput leading to a larger number of reactants converted to products. The tradeoff is a loss in specificity of the
products.
To design better selective, high-yielding catalytic systems for biomass conversion we must first understand the
reactivity of current catalysts. Ruthenium metal-centered complexes are well studied, and Ru catalysts have shown
remarkable stability in combination with a high number of reactive sites, and ligand flexibility. This project focuses
on the catalytic cycles of two Ru metal-centered catalysts (Fig. 1): Ru(acac)3 [4] and [(η6-C6Me6)Ru(bpy)(H2O)] [2]
where acac = acetylacetonate, C6Me6 = hexamethylbenzene, and bpy = bipyridine. These Ru catalysts were chosen due
to their ability to convert one of the major products of lignin, levulinic acid, to desirable chemical products at high
yield. In this project, we used quantum chemistry to study the catalytic cycles that convert levulinic acid to three
main chemical products (Fig. 1): gamma-valerolactone, 1,4 pentanediol, and 2-methyltetrahyrdofuran [5]. The
advantage of using computation is that the energetics of the reaction can be observed along the entire mechanism;
whereas, some intermediates are very short lived and therefore difficult to observe experimentally.
2. Results and Discussion
From literature, it is known that reacting levulinic acid with a Ru-catalyst yields the major products gammavalerolactone, 1,4 pentanediol, and 2-methyltetrahyrdofuran. These molecules are sought after because they are
useful precursors for further reactions. The focus of previous research has been on finding efficient catalysts that
provide these products at high yields and thus the mechanistic information available is the organic-based
mechanisms which focus on products, reactants, and reaction conditions [5]. This work focuses on understanding the
importance of the catalyst in the reaction, for each catalyst studied a metal-centered catalytic cycle was drawn.
Each geometry in the catalytic cycles was optimized freely using B3LYP [6,7], which is known to match
experimental geometries well for Ru-complexes [8], in conjunction with standard Gaussian type orbital (GTO) basis
sets of triple-ζ quality, 6-311G(d,p), and the SDD Stuttgart/Dresden effective core potential (ECP) was used to
provide an effective core potential for Ru [9]. All calculations were performed using the Gaussian09 program [10]
with a complete polarizable continuum model (PCM) solvent description for acetonitrile [11].
The most extensively used catalyst for levulinic acid conversion is Ru(acac)3. To begin the reaction, levulinic
acid replaces an acac ligand, doubly binding the oxygen to the Ru. Next, hydrogen can be inserted between the Ru

and either of the two oxygens of the levulinic acid. Upon breaking the H-H bond, the reactant undergoes ring closure
releasing the first product. After releasing gamma-valerolactone, the catalyst is left with just a hydrogen atom as the
ligand. The previously released gamma-valerolactone reattaches to the catalyst in a different configuration based on
the electronegativities of the oxygens allowing the ring to open and release 1,4 pentanediol as the second product.
Again, the Ru complex returns to the structure with only hydrogen attached. Similarly to the previous reattachment,
1,4 pentanediol binds to Ru at its most substituted/electronegative oxygen allowing H-abstraction and another ring
closure releasing 2-methyltetrahyrdofuran as the third product.

Fig. 2. Energetics of Ru(acac)3 catalytic cycle. Each line is the energy of the optimized geometry as displayed above.

It can be noted that in the Ru(acac)3 mechanism, there are three major energy increases in the map (Fig. 2) each at
a release point in the reaction profile (2404, 1943, and 2398 Mcal/mol, respectively), where one of the products is
released from the catalyst. From this, we know that releasing the three main products are the rate limiting steps of
this reaction. In particular, the first ligand-release point is the rate determining step due to the largest energy barrier
(2,404 Mcal/mol) to ring close the gamma-valerolactone and release it to form HRu(acac)2.
The second mechanism studied was that of the (η6-C6Me6)Ru(bpy)(H2O) catalyst. Similar to the Ru(acac)3 catalyst,
a leaving group of the pre-catalyst (in this case water) is replaced by levulinic acid. Interestingly, this catalyst can
undergo the same mechanism as Ru(acac)3 to produce gamma-valerolactone and 1,4 pentanediol. This cycle (Fig. 3)
showed that the rate limiting steps were at the ligand-release points of the reaction, as observed from the two peaks
of the energy map (below) when gamma-valerolactone and 1,4 pentanediol are released, respectively.

Fig. 3. Energetics of (η6-C6Me6)Ru(bpy)(H2O) catalytic cycle.

In conclusion, energy maps of catalytic cycles create visual representations of the chronological progressions of
the thermodynamics throughout the reactions. Here the maps of two Ru metal-centered catalysts have provided a
better understanding of the energetics that yield the three major products. The two catalysts Ru(acac)3 and (η6C6Me6)Ru(bpy)(H2O) both have rate limited steps at product release points. This understanding will help to design new,
greener, scalable, and selective ways to the utilize biomass resources that are abundantly available.
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Abstract: We report the electronic properties of a new phase of ZnO-based alloy designed with
high-throughput crystal structure predictor tool. The crystal structure exhibits a body-centered
tetragonal symmetry, and space group 141-4/amd. Using the generalized gradient approximation
within the first-principles density functional theory, we predict a direct bandgap of 2.40 eV. This
shows that this material is promising for optoelectronic applications and may manifest superior
properties than ZnO.

1.
Introduction
The wide, direct bandgap and high exciton binding energy of semiconductor ZnO makes it a useful material
for optoelectronic devices. One such example is light-emitting and laser diodes operating in blue and
ultraviolet parts of the spectrum [1]. Higher bandgap materials such as MgO may be used as a barrier
material to make ZnO-based quantum wells [2]. This enables confinement of photons and carriers within
the layers. In addition to quantum-confinement effects in heterostructures, the bandgap of ZnO may be
modulated by combining it with other group-II oxides in alloys. Studies have shown that ZnO can alloy
with MgO to adjust the bandgap of ZnO toward the ultraviolet region, with about 4.4 eV in 𝑀𝑔𝑥 𝑍𝑛1−𝑥 𝑂
[3]. Undoped ZnO prefers the hexagonal wurtzite (B4) symmetry while MgO prefers the cubic rocksalt
(B1) structure at ambient conditions. One way of making ZnO-based alloy is by alloying it with the required
element (e.g., Mg). The alloying of ZnO and MgO proceeds by substituting Mg by Zn in the B1 structure,
or vice versa in the B4 structure [1]. Alternatively, we can use crystal structure predictor tools such as
CALYPSO [4] to directly create a new material with only the knowledge of the constituent atoms. In our
modeling, we have designed using CALYPSO and studied the electronic properties of the ZnO-based alloy
(𝑀𝑔𝑍𝑛𝑂2) using first-principles calculations.
2.
Method
The electronic properties of 𝑀𝑔𝑍𝑛𝑂2 (i.e., relaxed lattice parameters and band structure) are calculated
using first-principles density functional theory (DFT) as
implemented in Quantum Espresso [5]. We used normZn (c)
conserving pseudopotentials with core corrections. To (a)
account for the exchange and correlation effects, we used
the generalized gradient approximation of Perdew-BurkeErnzerhof (PBE), with and without spin-orbit coupling
(SOC), [6] and a planewave cutoff of 80 𝑅𝑦. The
O
(b)
reciprocal space is sampled with a Monkhorst-Pack grid
of 4 × 4 × 2. The crystal structure is optimized by
allowing all the ionic positions and the cell volume to
relax until the energy (charge) are converged to within ∼
Mg
10−3 eV and the forces dropped to ∼ 10−3 eV/Å.
Figure 1: Crystal structure of 𝑀𝑔𝑍𝑛𝑂2. (a)-(b)
3.
Results and Discussions
We start the discussions of our findings by presenting in Various perspective view of the optimized
Fig. 1, the optimized crystal structure of the 𝑀𝑔𝑍𝑛𝑂2. crystal structure and (c) is the charge density.
Our calculations predict a tetragonal crystal structure
belonging to the point group I41-4/amd. The relaxed lattice parameters are 𝑎 = 6.04 and 𝑐 = 8.42 Å. The
predicted lattice parameters are strikingly different from that of the parent materials, e.g., the lattice constant

E-Ef (eV)

for ZnO is 𝑎 = 3.25 and 𝑐 = 5.21 Å, while the cubic lattice constant of MgO is ∼ 𝑎 = 3.01 Å. The
calculated bond lengths are Mg-O ∼2.11, Zn-O ∼2.17, Mg-Mg≈Zn-Zn ∼3.02 in Å. The predicted bond
lengths compare favorably with those of Zn-O in
ZnO and Mg-O in MgO, respectively.
To gain insights on the electronic
structure, we present in Fig. 2, the total and partial
density of states and the band structure in Fig. 3.
Our calculations show that the 𝑀𝑔𝑍𝑛𝑂2 exhibits
a direct bandgap of 2.63 eV located at the Γ-point
of the high symmetry zone; this indicates that it is
a semiconductor. The bands making up the
valence and conduction band edges are primarily
formed by 𝑂 2𝑝 and 𝑍𝑛 4𝑠 states, respectively. By
comparison, the valence band of ZnO is composed
E-Ef (eV)
mostly of 𝑂 2𝑝 and 𝑍𝑛 3𝑝 states, whereas the
conduction band is comprised mostly of 𝑍𝑛 4𝑠
states [7]. At the 𝑀 and 𝑋 points, the lowestenergy conduction band dominated by the 𝑍𝑛 4𝑠
Figure 2: Calculated density of states of 𝑀𝑔𝑍𝑛𝑂2.
orbital exhibits degeneracy at ~3.52 eV. This is
associated with a strong increase in the density of
states. We note that the inclusion of spin-orbit coupling does not lift the degeneracies in the 𝑍𝑛 4𝑠
conduction bands. The lowest conduction band is
highly parabolic along the M-Γ-X path. Hence,
using a parabolic band approximation, the effective
band mass for transport is expected to be much
higher for holes than for electrons close to the band
edge at the Γ point.
If MgO and ZnO retain their respective
crystal structures, the MgO-ZnO alloy is not
thermodynamically stable due to unstable phase
mixing. Therefore, studying the relaxed structures
of MgO-ZnO systems is of importance. We find
that the highest valence band of 𝑀𝑔𝑍𝑛𝑂2 does not
exhibit significant hybridization of p-type orbitals
Figure 3: Calculated band structure of 𝑀𝑔𝑍𝑛𝑂2.
characteristic of ZnO and other semiconductors.
Prior DFT calculations for ZnO and MgO, using
PBE functionals, yielded direct and indirect bandgaps of 3.58 and 4.91 eV [8], respectively. Comparatively,
our computed data shows a smaller bandgap, which makes it more promising for optoelectronic applications
in the blue and ultraviolet regimes.
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Abstract: We have studied the structural and electronic properties of YbCo2Zn20; a family of the 12-20 systems that are promising for diverse applications. The studies were carried out using a firstprinciples density functional theory approach as implemented in the Quantum Espresso electronic
structure code.

1.
Background
Ternary compounds or 1-2-20 systems, RT2X20 (R: rare earth and actinide, T: transition metal, X=Al, Zn)
exhibit a wide variety of attractive properties including novel magnetism, heavy fermion, multipole
ordering, and superconductivity [1]. Herein, we explore the structural properties of YbCo2Zn20, which is a
prototypical 1-2-20 systems that have been recently studied experimentally as a promising material for
thermoelectric applications [6]. In this study, we use state-of-the-art computational approaches to study the
structural properties, which are essential for the overall characterization of the emerging features of
YbCo2Zn20; a nonmagnetic ternary material with a heavy-fermionic ground state. The lattice parameters
have only been recently reported in experiment [6], and our first-principles results will shed some light on
its properties and support the experimental characterization.
2.

Method

We used first-principles density functional theory approach as implemented in the Quantum Espresso
electronic structure code [2] to study the structural and
electronic properties of YbT2Zn20. We used an ultra-soft
pseudopotential with core-corrections. All interaction between
the core and valence electrons is transferred to the
pseudopotential. To account for the exchange and correlation
effects, we used the Perdew Burke Ernzerhof (PBE) [3]
generalized gradient approximation and a planewave cutoff of
80 Ry for the charge density. The reciprocal space is sampled
with a Monkhorst-Pack grid of 6 × 6 × 6. The crystal structure
is optimized by allowing all the ionic positions and the cell
volume to relax until the charge is converged to within ∼ 10&'
eV, and the forces dropped to ∼ 10&' eV/Å. The crystal
structure optimization goes through a series of calculations,
initially generating a structure to determine the global
equilibrium configuration of the material. Using the optimized
crystal structure, we carried out self-consistent first-principles
calculations to determine the electronic structure. The lattice Figure 1. Optimized Crystal Structure of
structure visualization is carried out using VESTA [4], which is YbCo2Zn20 obtained using VESTA software.
a three-dimensional visualization program for creating structural models, volumetric data such as

electron/nuclear densities, and crystal morphologies.

3.
Results and Discussions
We start the discussion of our results by presenting in Fig. 1 the optimized crystal structure of the
+ 𝑚. The
YbCo2Zn20. Our calculations predict a cubic crystal structure belonging to the point group 𝐹𝑑3
relaxed lattice parameter from our calculation is ∼ 13.84 Å. The predicted lattice parameter is close
(differing by only ~1.22%) to the experimental reported value of ∼ 14.01 Å [1]. The calculated bond
lengths are Yb-Zn1 ∼ 3.05, Yb-Zn1 ∼ 3.0, and Zn-Co ∼ 2.45 all in Å. We observe that the computed bond

Figure 2. Calculated Density of States of YbCo2Zn20

lengths are in good agreement with experimental values [6]. To gain insights on the electronic structure,
we present in Fig. 2, the electronic structure of YbCo2Zn20. The calculated density of states shows a
considerable density of states, which are characteristic of heavy fermion materials.
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