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ABSTRACT

The propagation of light in turbid media is something that is experienced by
everyone, everywhere, everyday. These dynamics play an essential role in everything
from the color of a material, to the multitude of colors present during a sunset. Con-
sidering the central role of these dynamics, there are still a great deal of outstanding
questions that remain to be answered. Nonlinear light propagation in turbid media is
one such question, with far ranging applications in biomedical imaging where it has
potential to elucidate many biological processes label-free and in vivo. Conventional
wisdom suggests that nonlinear effects, such as stimulated Raman scattering (SRS),
should not play a significant role in the propagation of light through random media.
The diffusive nature of elastic scattering restricts the interaction distance by limit-
ing the depth at which high intensities can be delivered, thus reducing the efficiency
of nonlinear optical effects. However, light scattering can dramatically increase the
interaction length by multiply scattering the photons in a random walk type motion,
making the overall outcome somewhat hard to predict.

Random Raman lasing uses SRS as the primary gain mechanism for a lasing pro-
cess that receives feedback through multiple elastic scattering in the material. This
is a fundamentally new optical system that pushes the boundaries of the understand-
ing of light propagation in turbid media. The discovery of this lasing system will
be presented along with several fundamental measurements of the process, some of
which contrast with classical light transport theory and point towards exciting new
physics. Furthermore, random Raman lasing opens the door to many exciting ap-
plications ranging from remote chemical identification at unprecedented range, in a

single laser pulse, to a revolutionary new light source for imaging microscopy 10,000
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times brighter than conventional sources while maintaining the low spatial coherence

required for speckle-free imaging.
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1. INTRODUCTION*

1.1 Light Scattering

The scattering of light by matter is ubiquitous in everyday life. Rayleigh scatter-
ing of light from molecules in the atmosphere is responsible for the blue color of our
sky, and multiple scattering in materials plays a fundamental role in the appearance
of materials. It is perhaps surprising then that there are still new effects being discov-
ered as a result of these chaotic and complicated dynamics [1-3]. The simple reason
for this is that the physics of single scattering events are quite well understood, even
when the wave nature of light must be considered; however, how these complicated
dynamics generalize to the multiple scattering geometry, present in everything from
biological tissue to powders, remains largely unknown for the general case requiring
wave dynamics. Even when light can be treated as a particle, these problems are
only feasible through numerical simulations, giving little insight to the intricacies of
the dynamics of multiple scattering.

For light scattering off a single spherical particle, all relevant cross sections can
be analytically calculated directly from Maxwell’s equations. Such calculations are
generally referred to as Mie scattering theory [4]. For simplicity, we will restrict
ourselves to spherical particle scattering; however, non-spherical scattering can be
computed numerically for large number of situations. It turns out that this is a rather
general approach because randomly oriented particles, even if they aren’t spherical,
commonly average out to give good agreement with calculations for spherical particles

of a similar size. For a spherical particle of radius r and complex index of refraction

*A portion of this chapter is reprinted with permission from “Efficient time-dependent Monte
Carlo simulations of stimulated Raman scattering in a turbid medium” by B. H. Hokr, V. V.
Yakovlev, and M. O. Scully, 2014, ACS Photonics, 1, 1322-1329, Copyright 2014 by American
Chemical Society



n, the total scattering cross section for light, with wavenumber k, for the particle is

given by
e

os(r) = 2 2(22 +1) (|as(r)]* + |bs(r)]?) (1.1)

=0

where a;(r) and b;(r) are given by

0i(r) = U, (nokr)Wi(nnokr) — nW,;(nnokr)Wi(nokr) (12)
’ &i(nokr) W (nnokr) — nV;(nnokr)E (nokr) '
(r _ nWi(nokr)Wi(nnokr) — W;(nngkr)W;(ngkr)

) = (o) i) — g € nokr) -

where ng is the index of refraction of the surrounding medium. The functions ¥(z)

and £(z) are related to half-integer-order Bessel functions of the first kind by

Tz

Vi(z) =/ 5 Jirr2(2) (1.4)
&() =\ 5 Hisajal2), (15)

and the prime notation implies a derivative with respect to the argument. The

absorption coefficient can be found via the relationship

0a(T) = Oext (1) — 05(T) (1.6)

where e (7) is the extinction coefficient expressible in terms of the same Mie ex-

pansion coefficients a;(r) and b;(r) as before

Z SN2+ DRelas(r) + b(r)]. (1.7)

=0

Oext (1) =

Provided that multiple particle effects can be neglected, the absorption and scattering



coefficients are related to the cross sections through
Is :/ os(r)N(r)dr (1.8)
0
e, :/ oq(r)N(r)dr (1.9)
0

where N(r) is the differential number density of scatterers. Thus, the total number

density of particles in the sample, Ny would be

Np = /00 N(r)dr. (1.10)

The directional dependence of the emission is significantly more complicated, but
for our purposes can be expressed in a single parameter known as the anisotropy
parameter, g = (cos(f)). Before we can compute this, we first need the differential

scattering cross section which relates the incident intensity to the outgoing intensity

I. (1.11)

For spherical particles, there is no ¢ dependence on the scattering for unpolarized
light. The differential scattering cross section averaged over an ensemble of spherical

particles can be written as

Jdiff((g) = ﬁ /(;oo (‘51(077’)‘2 —+ ’52(9,7")‘2) N(?‘)dr (112)



Here, S1(6,r) and S»(6,r) are known as the scattering amplitude

o0

Si(a,r) = Z; z?@z—ill) [a;(r)m;(cos(8)) + b;(r)7;(cos(h))] (1.13)
Sa(or) =3 % [as(r)73(cos(8)) + bs(r)mi(cos(8))] (1.14)

The functions m;(cos(f)) and 7;(cos(f)) are related to the Legendre polynomials

through
PV (cos(9))
ri(cos(6)) == [P.“)(cos(e))} . (1.16)
dg L’
Now the anisotropy parameter can be expressed as
1
g = (cos(f)) = — / oai(0) cos(8)d€Q. (1.17)
Og 9

We have now defined all of the parameters required to describe light transport of

unpolarized light through Monte Carlo simulations.
1.2 Monte Carlo

Undoubtedly the most common and popular methods to treat multiple light scat-
tering are Monte Carlo simulations because of their relative simple intuitive picture
and ability to handle relatively complicated boundary conditions. In a single sen-
tence, Monte Carlo simulations treat light as a point particle which travels in a
straight line until it undergoes a scattering event which is treated stochastically
based on the parameters defined above. Beyond that, there are dozens of variations

of this simple idea, each optimized for a particular reason or for a particular geome-



try [5-18]. Monte Carlo techniques are a generalized random walk problem, and are
mathematically equivalent to the transport equation in the limit of a large sample
size. All of the work which will be discussed in the following chapters involve Monte
Carlo models that were developed and generalized from the incredibly popular Monte

Carlo Multi-Layer (MCML) [6].
1.2.1 Random Number Generation

Monte Carlo methods involve stochastic processes, thus random number genera-
tion is a core component of the technique. In all of this work, a hybrid Tausworthe
random number generator is used [19] because it is computationally efficient, has a
lower memory requirement than the much larger Mersenne Twister algorithm, and

2113 or 10%, far exceeding our needs. This algorithm

has a period of approximately
produces uniformly distributed random numbers which are normalized between 0
and 1; however, the simulations includes many kinds of probability distributions
which must be sampled from. In general, and uniform random number, &, can be

transformed to a random number, y, which satisfies a distribution, p(z), through

inversion of

- /X o(2)dz (118)

where a is the minimum value allowed for the distribution. This can be numerically
integrated and inverted; however, the computational costs are severe if there are a lot
of random numbers required. Thankfully, analytical solutions or alternative methods
exist for common distributions. Notable to Monte Carlo simulations are the Gaussian
distribution and the exponential distribution. For a Gaussian random number, there
are a number of suitable techniques, but for the simulations discussed here, the Box-

Muller algorithm was employed [20]. For two independent uniform random numbers,



&1 and &, two independent Gaussian random numbers are obtained through

X1 =v/ —21In(&;) cos(27&y) (1.19)

X2 =v/ —21n(&;) sin(27&,). (1.20)

To sample an exponential distribution given by

pl) = pe (1.21)

Eq. 1.18 can be solved analytically to obtain a random number, Y, satisfying an

exponential distribution
I I

where the second equality is obtained due to the symmetry of ¢ about 0.5.
1.2.2  Elastic Scattering and Boundaries

The distance a photon travels between scattering events is described by the ex-
ponential distribution,

p(d) = poe™ (1.23)

where 15 is the elastic scattering coefficient. Using Eq. (1.18), the dimensionless

distance a photon travels to its next elastic scattering event is given by

s=psd=—1In(l —¢&)=—1In(&) (1.24)

where the last step makes use of the symmetry of a uniform random number, &,

around 0.5. Once s is assigned, the dimensionless length to the next boundary is



calculated by

5y = = 2Ms (1.25)

v,
Here, 2, — z is the distance along the z-axis from the photon packet to the nearest
boundary that the photon will hit, u is the elastic scattering coefficient in the region
the photon packet is currently in, and v, is the z-component of the photon packet’s
direction vector. Next, to keep the photons synchronized, we must calculate the
dimensionless length that the photon will travel in the current global time step,

(1At — t) s

- (1.26)

St =

Here, ¢ is the speed of light in vacuum, n is the index of refraction of the current
region, 7 is the counter that keeps track of the number of global time steps which
have elapsed. Thus, {At — t is a measure of how much time is left before the next
synchronization. It is useful to define the dimensionless distance the photon packet
will travel before it elastically scatters, encounters a boundary, or must pause to be
synchronized with the other photon packets to be As

If s; is less than either s and s;, then As = s; and the photon packet will move in
a straight line until the next synchronization. It will then wait for all other photon
packets to reach this point before continuing. The new positions of the photon packet
are given by:

/

r'=r+ ASv. (1.27)

s

If s is less than either s, and s;, then As = s and the photon packet will move in

a straight line to its next scattering event, using Eq. (1.27), where it will get a new



direction vector, v/, given by [21]:

o Uysin(9) — vv: cos(¢) sin(0) + v, cos(0) (1.28)

; V1—?

o = 0= sin(¢) + vy cos(¢) sin(6) + v, cos(0) (1.29)

v, = /1 —v2cos(¢)sin(f) + v, cos(6). (1.30)

In the case where |v,| = 1, these equations reduce to:

v), = sin(f) cos(¢) (1.31)
v, = sin(f) sin(¢) (1.32)
vl = v, cos(6). (1.33)

The scattering angle, 6, is given by the Henyey-Greenstein distribution function,

1
cos(f) = %
g

2 1- g ’
1+¢°— (—) : 1.34
1 =g+ 298 (1:34)
Here, & is a uniform random number between 0 and 1. In the case of isotropic scat-
tering, the anisotropy factor, g = (cos(#)) = 0 the Henyey-Greenstein distribution

reduces to cos(f) = 2, — 1. Scattering is assumed to be symmetric about the z-axis,

thus the azimuthal angle is simply

¢ = 218, (1.35)

where &3 is another uniform random number between 0 and 1.
If s; is less than either s and s;, then As = s, and the photon will move in a

straight line to the nearest boundary, using Eq. (1.27), where it will undergo reflection



or refraction in accordance to Fresnel’s and Snell’s laws. When a photon packet is
incident on a boundary, either between two sample layers or between one layer and
the background medium, Fresnel’s law is applied to determine the probability of the
photon packet reflecting off the boundary. If the index of refraction of the region
that the photon is currently in, n,, is larger than the index of refraction of region
the photon is trying to transmit to, n,, and the angle of incidence, «;, is such that
a; > sin~ ' (n,/n,), then total internal reflection occurs and the photon is assigned
a probability of reflecting of R = 1. When these conditions are not fulfilled, the

probability that the photon packet reflects at the boundary is given by Fresnel’s law,

R 1) [nocos(aw) — ny cos(ai)]z n [ne cos(ay) — ny, cos(at)]z ' (1.36)
2 | [n, cos(ay) + n, cos(a;)] (1, cos(a;) + my, cos(ay)]
The transmission angle is determined by Snell’s law
[ .
ap =sin” | —sin(qy) | . (1.37)
Ty

The photon packet then transmits at the boundary with the refracted angle ay, if
R > &4, where &, is a uniformly distributed random number between zero and unity,
otherwise the photon packet is reflected with the new direction v/ = (v,, v,, —v,).
Once one of these three outcomes have occurred, the dimensionless distance re-
maining until the photon elastically scattered is updated using s = s — As. When
s =0, Eq. (1.24) is used and a new dimensionless distance to the next elastic scat-

tering event is assigned and the process is repeated until the simulation terminates.
1.2.8 Absorption

Absorption is treated using the Russian roulette method [6,22]. In this technique

each photon packet is assigned a weight, typically equal to unity to start. When a



photon travels a distance of As the photons new weight, w’ is given by

w' = e HalBs/ns)y (1.38)

Once the photons weight shrinks below a threshold value, w;, the photon has a
probability of p of being removed from the simulation. In our work, we set w, = 1076
to minimize the error incurred from this simplifying approximation. If the photon
survives, it is given a new weight of w’ = (1/p)w and continues to propagate in the
simulation. This has been shown to be a viable method of accurately simulating the

effects of absorption while decreasing the variance of the simulations [22].
1.3 Raman Scattering

Raman scattering is the inelastic scattering of photons off the vibrational (or
sometimes rotational) energy levels of molecules. During this process the photon
either looses, Stokes scattering, or gains, anti-Stokes scattering, an amount of energy
corresponding with the energy of the molecular level. These vibrational levels are
commonly referred to as molecular fingerprints because they depend heavily on the
molecular components and structure, giving Raman scattering incredible chemically
sensitive contrast without the need of added dyes or tags. All of these tremendous
advantages come at a significant cost, spontaneous Raman scattering is incredibly
weak, only about 1 in 10 photons undergo a Raman scattering even in a typical
sample. Even with this significant limitation, Raman scattering has still found ex-
tensive use in practical applications ranging from cancer diagnosis [23,24] to, the
detection and identification of Anthrax [25].

Much like stimulated emission is a stronger cousin to spontaneous emission (fluo-
rescence), stimulated Raman scattering (SRS) [26] is a stimulated, nonlinear cousin

to spontaneous Raman scattering. Above a threshold value of the intensity, stimu-
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lated Raman scattering produces exponential gain at the strongest Raman transition,
resulting in quite efficient, laser-like emission at the Stokes frequency. Stimulated
Raman scattering can result in conversion efficiencies on the order of 1 in 10 instead
of 1 in 10'° with spontaneous Raman scattering; however, the stimulated Raman
spectrum is often times limited to a single emission line, instead of the full Ra-
man spectrum possible with spontaneous Raman, limiting specificity. Additionally,
there are other nonlinear Raman processes, coherent anti-Stokes Raman scattering
(CARS) and coherent Stokes Raman scattering (CSRS) that make use of molecular

coherence to generate a strong chemically specific response.
1.4 Random Lasing

Random lasers are a class of lasers whose feedback is provided through multi-
ple elastic scattering instead of a laser cavity [27]. They have received tremendous
interest for the previous two decades due to their ability to thoroughly test our un-
derstanding of lasing processes [2,28-34], while gaining additional insight into how
nonlinear chaotic systems behave. Random lasers do not possess a laser cavity in
the conventional sense; however, they do exhibit mode-like structure. More properly,
random laser systems are best thought of as a highly multi-mode, high-loss, passive
cavity formed by a disordered medium in one-, two-, or three-dimensions, that inter-
acts non-linearly though some kind of gain mechanism to produce lasing [35]. This
is a subtle statement which contains many properties that should be highlighted:
First, random lasers are lasers in every since of the word, they produce laser emis-
sion through a coherent process even though the resulting emission has the properties
of an incoherent light source due to the highly multi-mode nature of the emission.
Second, there is a huge variation in the different gain and disordered systems used to

achieve lasing [36-38]. In fact, the similarities between so many different systems is
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quite surprising and points towards some very general physical dynamics, especially
considering the unique effect that dimensionality has on random walk dynamics, first
pointed out by Polya [39]. Lastly, the high-loss feature of the random lasing modes
creates a system that allows coupling and competition between these modes in a far
more rich way than traditional laser systems, allowing us to test our knowledge of
topics that have been debated since the invention of the laser, such as what effects
determine the laser linewidth [40,41].

More recently, random lasers have garnered significant attention for their poten-
tial applications. They occupy a niché position acting much like a classical light
bulb, while retaining the incredible brightness possible through lasing. The makes
them attractive sources where laser-like brightness is desired, but the coherence of
a traditional laser degrades the image [34,42]. This has led to some new sources
and applications in microscopy [38,43]. Additional applications include laser-based
displays [44] and remote sensing of chemicals [45].

In the remainder of this thesis we will highlight the discovery and initial develop-
ment of random Raman lasing in a bulk three-dimensional powder. We will discuss
both, the experimental, and the theoretical work that have lead the field forward
thus far, including enhancing dynamics present in linear scattering, lasing threshold
demonstration, nonlinear Monte Calro simulations, higher-order nonlinear dynamics,
and discovery of dynamics consistent with Anderson localization. Furthermore, we
will present the exciting fundamental insights and revolutionary applications that
have resulted from random Raman lasing such as, kilometer-scale remote sensing in
a single laser pulse and using random Raman lasers as exciting next generation light

sources for microscopy.

12



2. SPONTANEOUS RAMAN ENHANCEMENT IN TURBID MEDIA*

2.1 Introduction

Raman spectroscopy has been widely used to obtain detailed chemical information
about a system without the need for chemical markers. It has been used for a wide
variety of applications including cancer diagnosis [23,24], the detection of hazardous
materials [25], and industrial quality control. Raman spectroscopy has previously
been carried out in turbid media [46,47]; however, the effect elastic scattering has on
the process has yet to be investigated. In other words, is there a way to use elastic
scattering to optimize Raman generation” Experimentally, colloidal solutions and
metamaterials [48] offer the possibility of tuning elastic scattering to maximize the
generation of a Raman signal.

As light propagates through an optically thick turbid medium, photons are elas-
tically scattered multiple times, resulting in an increase in the distance a photon
travels inside the medium. This gives the photon more opportunities to interact
with the surrounding medium and generate a Raman photon, carrying with it spec-
troscopic information about the medium. Fig. 2.1 conceptually illustrate the idea of
increased path length in the presence of elastic scattering.

Monte Carlo methods have become the gold standard for modeling light propa-
gation in turbid media. They have previously been used to investigate the effects of
elastic scattering, spontaneous Raman scattering [12,21,49,50], polarization [9], fluo-
rescence [11,51], and amplified spontaneous emission [52]. However, elastic scattering

has not been included in the parameter space of any of these investigations.

*Reprinted with permission from “Raman signal enhancement via elastic light scattering” by
B. H. Hokr and V. V. Yakovlev, 2013, Opt. Express, 21, 11757-11762, Copyright 2013 by Optical
Society of America
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Figure 2.1: Conceptual figure illustrating how scattering increases the path length
traveled inside a turbid medium: (A) without scattering, (B) with scattering, (C)
coordinate system used to describe scattering. Where u is the direction vector before
a scattering event, and u’ is the direction vector after a scattering event.

We first discuss our Monte Carlo model for light propagation through a turbid
medium. It takes into account elastic scattering, linear absorption, and sponta-
neous Raman scattering. This differs from previous models, in that we use a small,
fixed step-size, allowing us to explore both the low scattering and high scattering
regimes [53]. We demonstrate that increased elastic scattering leads to an enhance-
ment of the Raman signal in both, the forward (transmission) and backward (re-
flection) directions. The spatial and temporal profiles of the Raman signal in the
reflection geometry are shown to depend heavily on elastic scattering and closely

mimic the distributions of the elastically scattered light [15].
2.2 Model

Consider a medium of small spherical particles with radii on the order of the
wavelength of light suspended in an active Raman medium. This colloidal suspension
allows the scattering mean free path to be variably controlled. Due to the small size

of the scatterers and assumed large Raman cross section of the liquid, we assume all
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the Raman signal is generated entirely in the liquid.

For simplicity, consider a short (1 ps full-width at half-maximum) Gaussian pump
pulse with a Gaussian spatial profile normally incident on this medium. We assume
the turbid medium is surrounded by vacuum and neglect reflections and refractions
at the interfaces, since these will do little to change the effects we are interested in
observing [6].

We are particularly interested in investigating the effects in both the low and
high scattering regimes. Using the same model, we would like to accurately model
the physics even when mean free paths are larger than the physical sample. To
accomplish this, we use a fixed step size, Ar, significantly smaller than the shortest
mean free path used in the simulation. This differs from traditional Monte Carlo
simulations where each photon is propagated with a randomly distributed step size
corresponding to the distance between successive scattering events.

To describe elastic scattering, linear absorption, or spontaneous Raman scatter-
ing, we define a mean free path, I, [,, or lg, respectively. During each step, there is

a probability of an event given by

P=1—¢ 2k (2.1)

where 7 represents elastic scattering, absorption, or Raman scattering. Each mean
free path represents the average distance a photon travels between a particular event.

Anisotropic elastic scattering is taken into account via the anisotropy parameter,
g = (cos(#)), and the Henyey-Greenstein probability distribution for the scattering
angle, 0 [54]. Elastic scattering is assumed symmetric around the original propaga-
tion axis, hence, ¢ is uniform. Both 6 and ¢ are defined by the coordinate system

illustrated in Fig. 2.1.
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Raman scattering is more commonly discussed in terms of the Raman cross sec-
tion. The Raman cross section relates to lg by, 1/l = ogN, where op is the Raman
cross section, and N is the number density of Raman scatterers. Spontaneous Ra-
man scattering is typically very weak (ogN ~ 1077 mm™!) for most condensed
matter [55]. In order to obtain a usable signal to noise ratio, we would need to prop-
agate about 10° photons per pulse. Due to computational limitations, we choose this
effective cross section to be artificially large, cg N ~ 1072 mm~'. Until pump deple-
tion becomes non-negligible, this modification manifests itself as simply an overall
multiplicative constant in the Raman signal. The parameters used in this paper did
not result in pump depletion. Hence, we conclude that for the effects we are inter-
ested in, this artificially high Raman cross section does not effect the validity of our

conclusions. This analysis is in agreement with previous investigations [21].
2.3 Discussion and Results

For each simulation below, the number of photons per pulse was set to 10° pho-
tons. We average over 25 independent pulses. The baseline parameters consist
of a sample width, w = 0.5 mm, an anisotropy parameter, g = 0.6, a step size,
Ar = 0.001 mm, an index of refraction, n = 1.5, and an effective Raman cross sec-
tion of o N = 0.01 mm~'. We consider a full-width half-maximum temporal pulse
width, 67 = 1 ps, a full-width half-maximum beam diameter, jp = 0.01 mm, and a
temporal pulse delay, A7 = 5.0 ps, for our incident pulse.

The volume concentration of scatterers is related to the scattering mean free
path of the solution by ® = 2d/ (315Qs) [56], where ® is the volume concentration,
d is the diameter of the scattering particle, and @)s is the ratio of the particles
scattering cross section to its physical cross sectional area known as the scattering

efficiency factor. The scattering efficiency factor was set to 2.5. This agrees with
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Figure 2.2: Intensity of the Raman signal and dwell time as a function of scatterer
concentration: (A) the set of baseline parameters (see the text) are used, (B) a
weak absorption (I, = 10 mm) is included, (C) a larger diameter incident beam
(0p = 0.1 mm) is used, (D) a larger anisotropy parameter (g = 0.9) is used.

the value computed from Mie scattering calculations for a ~ 1 pum diameter boron
nitride particle, suspended in dimethyl sulfoxide (DMSO). DMSO was selected as
the prototypical Raman active liquid due to its large Raman cross section. Because
of its low absorption, available particle size, ability to suspend in DMSO, and large
index mismatch with DMSO (ngx ~ 2 vs. npyso ~ 1.5), boron nitride was chosen
to be the scatterer.

Fig. 2.2 demonstrates the results of several runs using varying parameters. In
each case, we observe an enhancement of the Raman signal due to elastic scattering.
The increase in the average time a photon spends inside the sample, known as the
dwell time, is responsible for this enhancement. In the high scattering regime, a
large portion of the incident pulse is scattered out of the sample near the surface.

These photons do not travel a long distance in the sample, thus do not contribute
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significantly to the Raman signal. On the other hand, photons that penetrate into the
sample tend to have long path lengths, contributing greatly to the Raman signal.
These two competing effects eventually compensate each other, and no additional
enhancement is seen with a further increase in scattering.

In a completely transparent medium, one would expect half the Raman photons
to be emitted in the forward direction and half in the backward direction due to the
isotropic nature of spontaneous Raman scattering. This results in the Raman signals
in the reflection and transmission geometry to be identical until the transport mean
free path, I, = /(1 — g), becomes comparable to the thickness of the sample. At
this point, reflections become dominant over transmission, leading to a preference in
the backward direction.

By varying several parameters, the enhancement of the Raman signal is shown
to be robust over a wide parameter space. The most significant change is due to
absorption. In the low scattering regime, absorption has little effect because the
path lengths traveled by the photons are small compared to [,. However, in the high
scattering regime, even a small absorption has a large effect. In a highly scattering
non-absorbing medium some photons spend a very long time in the medium (illus-
trated by Figs. 3c and 3d). In the absence of absorption, these photons contribute
significantly to the Raman signal because they experience the longest interaction dis-
tance. However, many of these photons will be absorbed before they exit the sample
when a small amount of absorption is introduced.

Furthermore, the incident beam size has no effect on the total intensity of the
spontaneous Raman signal. Equivalently, the pulse length will have no effect on this
signal. The spatial and temporal Raman signals will, however, depend on the spatial
and temporal behavior of the pump. Integrated over space and time, these effects

average out. This will no longer be the case if stimulated effects are present and
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Figure 2.3: Backward spatial distribution of the: (A) Raman scattered light, (B)
elastically scattered light. Backward temporal distribution of the: (C) Raman scat-
tered light, (D) elastically scattered light.

could serve as a potential tool for analyzing whether nonlinear effects are present in
a turbid medium.

When we increase the anisotropy, we see an effective shift towards lower scat-
tering. This is because the meaningful length scale of a linear scattering problem
is Iy, not I,y [57]. Hence, for a larger g, l; is longer and the system behaves as if
we have less scattering. This argument is valid for discussing linear effects, such as
spontaneous Raman scattering, because such effects depend only on the average dis-
tance light travels inside the medium. We run into a problem if we try to apply this
argument to a system which exhibits non-linear effects. These phenomena depend
on the distribution of light inside the sample, which, in turn, depend on both [, and
g independently.

Fig. 2.3 shows the spatial and temporal distributions of the light that exits the
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sample in the reflection geometry using the same baseline parameters discussed pre-
viously. Here, for simplicity, we have assumed an infinite size detector that is in
direct contact with the sample. Multiple values of [, are shown to illustrate how the
system varies with increased scattering. The first thing to notice is the spatial and
temporal distributions of the Raman photons closely mimic those of the elastically
scattered photons. This is not surprising because we have assumed that our sam-
ple has similar optical properties at both the fundamental and the Raman shifted
wavelength. Fig. 2.3 illustrates that a technique such as spatially offset Raman spec-
troscopy (SORS) [58] is best suited for analyzing low scattering media. However,
time resolved Raman spectroscopy [59] would be best suited for highly scattering
media.

For low scattering (large I, ), the spatial distribution of the light initially broadens.
This can been seen by the Iy = 10 mm curve decaying slightly faster than the
ls = 1 mm curve. Heuristically, this is because photons that emerge from the sample
a significant distance from their initial location are the photons that, on average,
penetrate the deepest into the sample [21]. Thus, in the case of a finite thickness
sample whose thickness is small compared to [;, these deep photons simply exit
the sample as transmission photons. As scattering increases (I decreases) slightly,
l; correspondingly decreases, making the sample more optically thick and allowing
more of these wide scattering photons to emerge as reflected photons. Once scattering
increases to the point where [; is small in comparison to the width of the sample,
the sample behaves as a semi-infinite sample and the spatial distribution becomes
more narrow. This can be seen by the much faster decay of the I, = 0.01 mm line
compared to the [y = 0.1 mm line.

The temporal distribution of the backwards signal behaves in essentially the op-

posite way of the spatial distribution. The argument for why this is the case is the
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same as above. The most striking feature in the temporal distributions is the ap-
pearance of a short spike in the [s = 0.01 mm line. This is a result of the photons
that get reflected out of the sample in only a few bounces. The opposite effect of this
is the long tail that is present in the same graph. This is generated by the photons
that penetrate deep enough into the sample to where [; is large compared to the
distance to either surface, essentially trapping the photon in the medium generating

the long tail.
2.4 Conclusion

A Monte Carlo model with a clear, simple physical picture has been implemented
that includes elastic scattering, linear absorption, and spontaneous Raman scatter-
ing to demonstrate that increased elastic scattering enhances the generation of a
spontaneous Raman signal in both the reflection and transmission geometries over a
large parameter space. A strong dependence on elastic scattering is observed in both
the backward spatial and temporal profiles of the detected light. Preliminary exper-
iments currently under way using colloidal suspensions of boron nitride particles in

DMSO show a good agreement with these predicted results.
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3. THEORETICAL PREDICTION OF RANDOM RAMAN LASING*

3.1 Introduction

Stimulated Raman scattering (SRS) was first discovered by accident in 1962 by
introducing nitrobenzene into the cavity of a ruby laser [60] and has been extensively
studied both theoretically and experimentally for over 40 years. However, the be-
havior of stimulated Raman scattering and non-linear optical effects are relatively
unknown in the presence of elastic scattering. One study has reported that the
amplification of a Stokes beam can be enhanced by increased elastic scattering [61].

Random lasing was theoretically predicted by V.S. Letokhov in 1968 [62], but it
took more than a quarter of a century for the random laser to be experimentally
realized [63,64]. Random lasers are fundamentally similar to traditional cavity lasers
except they use elastic scattering as a feedback mechanism in lieu of a Fabry-Pérot
cavity. The feedback provided by elastic scattering can be either coherent or inco-
herent [27]. Coherent feedback occurs when elastic scattering forms closed cavities,
allowing the feedback of both phase and amplitude information. In the absence of
these cavities only amplitude information is maintained. This is known as incoherent
feedback.

Random Raman lasing is of interest both fundamentally, for studying non-linear
effects in a dramatically different environment, and practically, for developing spa-
tially resolved spectroscopic imaging techniques in turbid environments such as bio-
logical tissue. The narrow gain bandwidth of stimulated Raman scattering makes it
unlikely for a coherent feedback mode to experience positive gain. Thus, incoherent

feedback is the dominant feedback mechanism. With interference effects playing a

*Reprinted with permission from “A proposal for a random Raman laser” by B. H. Hokr and V.
V. Yakovlev, 2014, J. Mod. Opt., 61, 57-60, Copyright 2013 by Taylor & Francis
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small role, a Monte Carlo model is ideally suited to investigate this problem.

Monte Carlo methods have become an increasingly popular tool for modeling
the propagation of light in a turbid environment. They were originally used to
investigate the dynamics of light in the presence of elastic scattering and linear
absorption [6], but have since been adopted to model polarization sensitive effects
effects [9], fluorescence [11,51], amplified spontaneous emission [52], and spontaneous
Raman scattering [12,21,49,50].

Here we introduce a Monte Carlo type model that includes stimulated Raman
scattering [65]. The results of the simulation are compared to known theoretical
results in the no scattering, no absorption limit. Defining properties of the random
Raman laser, modeled by Monte Carlo simulations, are considered in the following

discussion.
3.2 Model

Unlike linear effects, non-linear optical effects, such as stimulated Raman scatter-
ing, depend heavily on the incident pulse shape. For simplicity, we assume that our
pulse has both a Gaussian spatial distribution and a Gaussian temporal distribution,
although arbitrary initial pulse shapes can be implemented as well [6]. To generate
a Gaussian distribution, we make use of the Box-Muller transformation [20], which
transforms a pair of uniform random numbers generated from a hybrid Tausworthe

generator [19], into two normally distributed random numbers that comprise our
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initial pulse. The generated initial conditions are

_ [ Lom)? n ! cos (27
”“¢4m@)1<1—g) (2m¢2)
(6pp)? 1 .
ry = \/4ln( 2) In (1 — 51) sin (27&5) (3.1)

r, = \/Ci(lf:(' ))2 In (1 —153) cos (2m€y) — cAT,

where &1, &, &3, and & are independent uniform random number, dp, is the spatial

full width at half maximum diameter, 7, is the temporal full width at half maximum,
AT, is the initial pulse delay, and c is the speed of light in a vacuum. When a seed
pulse is also used, it is described by an analogous expression in terms of its own set
of these parameters.

The simulation progresses by propagating each photon a distance Ar = <At,
where At is the time step, and n is the effective refractive index of the medium. This
is in contrast to a large class of Monte Carlo simulations where each photon travels a
random distance, described by an exponential distribution, to model elastic scatter-
ing. A fixed step size is used because the non-linear interaction requires knowledge
of the location of other photons at that time. If a different step size is used for each
photon in the simulation, all photons would be at different times during each step.

Furthermore, we define a probability of a photon undergoing elastic scattering,

linear absorption, or spontaneous Raman scattering event given by

P=1—eA/k (3.2)

Here, [; is the mean free path of a given linear process and i represents s, a, or R for

elastic scattering, absorption, or spontaneous Raman scattering respectively. Care
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must be taken to ensure that the step-size, Ar, is small compared to the shortest
mean free path used. The mean free path relates to the respective cross section
via 1/l; = 0;N;, where N; is the number density of interaction centers. In the case
of spontaneous Raman scattering we are required to treat the cross section as an
empirical parameter since the Raman cross section is small. In order to obtain a
usable signal to noise ratio, we would need approximately 10° photons per pulse.
Computationally, we are currently limited to running approximately 10° photons
per pulse even with large computer clusters. This artificially large Raman cross
section is in agreement with previous studies [21].

Moreover, anisotropic elastic scattering is described by the Henyey-Greenstein
probability distribution for the scattering angle 6 [54]. The azimuthal scattering
angle is assumed to be uniformly distributed. When a pump photon undergoes a
spontaneous Raman scattering event it is converted to a Raman photon and the di-
rection is randomized to correspond to the isotropic emission of spontaneous Raman
scattering.

Stimulated Raman scattering is treated by defining an interaction between pump
and Raman photons. For each Raman photon inside a sphere of radius rsgrs, centered
around a pump photon, there is a “coin flip” probability of converting that pump

photon into a Raman photon given by

p=1— ¢ forsar, (3.3)

Here, Psgrs is a probability per length used to describe stimulated Raman scattering
and is related to the Raman gain coefficient, G. In other words, if there are n
photons found inside the “interaction sphere”, there are n independent coin flips,

each with a probability p of converting the pump photon into a Raman photon. If
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more than one “coin flip” comes up heads the first is the one used to convert the
photon. When a pump photon is converted to a Raman photon via this process,
the new Raman photon assumes the direction of the Raman photon whose coin
flip generated the conversion. This idea of modeling non-linear effects via defining
photon “interactions” could be generalized to other non-linear optical effects and is

not specific only to stimulated Raman scattering.
3.3 Validation in the Zero Scattering Limit

The model used to describe linear effects is well known and has been thoroughly
tested against many experiments. For this reason, we will assume that the model
accurately simulates light propagation in a turbid medium. We will focus on demon-
strating that our interaction model accurately describes stimulated Raman processes
on their own in the absence of absorption and elastic scattering. Prior to gain sat-
uration, stimulated Raman scattering leads to an exponential gain in the Raman

signal of the form

IR(Z) = GGNPZIR<O), (34)

where G is the gain coefficient, N, is the number of photons that make up the pump
pulse, and z is the distance traveled through the medium. The incident intensity
will be proportional to the number of photons we launch in the simulation. For con-
venience, we have included this proportionality constant inside the gain coefficient.

Fig. 3.1 illustrates the results of averaging 25 independent runs. Each run con-
sisted of a 5 ps pump pulse containing 10° photons and a weak 5 ps seed pulse
containing 100 photons. A seed pulse was included to reduce the variance in the
simulation. Both pulses were given a full width at half maximum beam diameter
of 0.05 mm. Elastic scattering and absorption were disabled to allow for direct

comparison to equation (3.4). The parameters, [p = 200 mm, Psgs = 0.1 mm™1,
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Figure 3.1: Raman intensity as a function of (A) the distance traveled through the
Raman active media with the number of pump photons fixed at 10°, and (B) the
number of pump photons launched per pulse (pump intensity) with z = 1 mm. The
dots are the results of the Monte Carlo simulation in the absence of elastic scattering
and absorption. The solid line is a fit using equation (3.4) for the first 5 data points.
In both fits the gain coefficient obtained was the same. At long distances and higher
intensities, gain saturation is observed. The intensity units used correspond to 25,000
photons = 1.

rsrs = 0.01 mm, and Ar = 0.005 mm, were used. As the incident pump intensity
(photon number) and the sample thickness are varied independently, nearly identi-
cal behavior in the detected Raman signal is observed. The fits of the data, using
equation (3.4), confirm that both variables lead to the same gain coefficient within
one percent (6.466 x 107° mm™! vs. 6.452 x 107°> mm™'). This is sufficient for
us to conclude that prior to gain saturation (an assumption used in deriving equa-
tion (3.4)), the regime we will be interested in for random Raman lasing, our model
is capable of accurately depicting stimulated Raman scattering. While this is not
sufficient evidence to claim that this model will work perfectly in all situations, it
suggests that we should be able to accurately model the features we are interested
in. Ultimately, the true test of this “interaction” model’s validity will come with

comparison to experimental results.
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Figure 3.2: Raman intensity in the backward direction as a function of (A) incident
pump intensity and (B) scattering mean free path. The dots are the results from
the full Monte Carlo simulation using the parameters described in the text. (A)
The line is a linear fit of the first 5 points showing a clear deviation from the linear
trend associated with spontaneous Raman scattering at higher intensities. (B) The
simulation shows that there is a clear threshold as the elastic scattering mean free
path is decreased.

3.4 Results

Now, we turn our attention to using this model to predict some physical properties
of a random Raman laser. To accomplish this, the same parameters as before are
used with three exceptions: no probe pulse is included, the width of our sample will
be taken to be 0.5 mm, and elastic scattering and absorption will be included using
ls = 0.01 mm and [, = 10 mm respectively. The transverse dimensions of the sample
are taken to be infinite.

Fig. 3.2 demonstrates that in a turbid medium with a sufficiently intense pump,
there will be a deviation from the linear dependance on pump intensity expected
when only spontaneous Raman scattering is present. This is analogous to similar
measurements of traditional random lasers, and indicates that we are in the regime
of stimulated Raman scattering. Therefore, this constitutes a random Raman laser

in the sense that Raman gain exceeds losses and feedback is being provided solely
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Figure 3.3: The temporal profile of the detected Raman intensity for several pump
intensities in the (A) forward and (B) backward directions. The graphs have been
normalized by dividing by the number of pump photons launched, N,. The param-
eters used here are the same as those used in Fig. 3.2. The pump pulse was given a
delay of A7 =12 ps.

by elastic scattering.

In a highly turbid environment, the diffusion velocity in the medium is much
smaller than the speed of light in a vacuum. This leads to a compression of the
pulse as it first enters the medium. Hence, the pump is most intense at this moment,
causing a large stimulated Raman signal to be generated very quickly at the front
of the surface. A large amount of this signal escapes out the back of the sample
and gives rise to the spike observed in fig. 3.3. This spike is an indicator of random

Raman lasing.
3.5 Conclusion

A method for including stimulated Raman scattering into a Monte Carlo simula-
tion has been developed that uses the concept of an interaction between pump and
Raman photons. This model is compared against analytical results in the limiting
case of no elastic scattering or absorption, and is then used to predict the temporal

dynamics of a random Raman laser operating near the threshold for stimulated Ra-

29



man scattering. These simulations provide theoretical evidence for the presence of

random Raman lasing.
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4. EXPERIMENTAL DEMONSTRATION OF RANDOM RAMAN LASING*

4.1 Introduction

The propagation of light in a turbid medium is something that everyone ex-
periences on a daily basis, yet there are many related fundamental problems that
are left to be understood [66]. Everything from climate change [67], to biological
imaging [68], to defending against terrorism attacks [25] benefit from a deeper un-
derstanding of how light propagates through a random medium. Throughout the last
three decades numerous new phenomena, facilitated by elastic scattering, have been
discovered and explored, such as coherent backscattering [1,69], focusing via wave-
front optimization [70,71], and random lasing [2,62]. Conventional wisdom suggests
that nonlinear effects, such as stimulated Raman scattering (SRS), should not play
a significant role in the propagation of light through random media. The diffusive
nature of elastic scattering restricts the interaction distance by limiting the depth
at which high intensities can be delivered, thus reducing the efficiency of nonlinear
optical effects. However, light scattering can dramatically increase the interaction
length by multiply scattering the photons in a random walk type motion, making
the overall outcome somewhat hard to predict. An understanding of these dynamics
are especially important for deep-tissue optical imaging utilizing multiphoton fluo-
rescence [72,73] and SRS [74,75].

Raman scattering is the inelastic scattering of a photon from a molecule. The
frequency of the scattered photon is determined by the frequency of a vibrational

level of the molecule. The frequency shift of the Raman light with respect to the

*Reprinted with permission from “Bright emission from a random Raman laser” by B. H. Hokr,
J. N. Bixler, M. Cone, J. D. Mason, H. T. Beier, G. D. Noojin, G. I. Petrov, L. A. Golovan, R. J.
Thomas, B. A. Rockwell, and V. V. Yakovlev, 2014, Nat. Commun., 5, 4356, Copyright 2014 by
Macmillan Publishers Limited

31



pump light is unique to the molecule, making Raman spectroscopy a valuable tool
for molecular and structural identification [76]. In the context of Raman lasing,
spontaneous Raman scattering and SRS are analogous to fluorescence and stimulated
emission, respectively. However, the nonlinearity associated with SRS distinguishes
it from stimulated emission [77]. The Raman gain is proportional to the intensity
of the pump. Unlike traditional lasing, energy cannot be stored by the system after
the pump pulse is gone [78-81]. Thus, to observe Raman lasing, the medium must
be pumped hard and fast. Furthermore, Raman lasers and traditional lasers differ
in that the wavelength of light required to pump the laser does not depend on the
electronic structure of the medium, and thus can be chosen to minimize absorption.

Random lasing was first predicted by V. S. Letokhov in 1968 [62], but was not
experimentally observed until 1994 [63,64]. Random lasers operate on many of the
same principles as traditional lasers, except that multiple elastic scattering provides
feedback in place of a Fabry-Perot cavity. Analogous to traditional lasers, random
lasers have a threshold where gain exceeds losses and exponential amplification oc-
curs at the lasing frequency [82]. Random lasers are traditionally divided into two
categories: coherent and incoherent, based on the feedback that drives them [83].
Coherent feedback occurs with the generation of unstable periodic trajectories by
multiple elastic scattering events [84]. These trajectories exhibit modes which are
analogous to many randomly oriented ring cavities existing in the gain medium.
When multiple scattering acts only to return energy back into the gain medium, but
phase information is lost in the process, the system is driven by incoherent feed-
back [2]. Compared to the media typically used in random lasing experiments, SRS
has a narrow gain bandwidth (typically less than 10 cm™!). Thus, it is unlikely that
a random lasing mode will lie in the gain bandwidth, making incoherent feedback

the more likely dominate mechanism in random Raman lasing.
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A random Raman laser uses SRS as the primary gain mechanism and relies on
elastic scattering to provide feedback into the gain medium. To date, random Raman
lasing has only been observed in a one-dimensional fiber system [85]. From a random
walk viewpoint, one-dimensional systems are fundamentally different from three-
dimensional systems. In a random walk of two or lower dimensions in an infinite
space, with infinite time, the walker will eventually return to the starting location.
However, in three dimensions there is no guarantee that the walker will ever return.
This leads to a fundamental difference in the dynamics of photon diffusion in three
dimensions.

Here, the first experimental evidence of lasing via a Raman interaction in a bulk
three-dimensional random medium is presented [86]. The complicated dynamics of
nonlinear pulse propagation in a turbid medium make an analytical approach to de-
scribing this problem very challenging. In order to better understand these processes,
an earlier introduced [15,65] Monte Carlo model was employed. These simulations
provided a guide to the experiments and illuminated aspects of the dynamics that

cannot be easily observed experimentally.
4.2 Results
4.2.1 Ezperimental Setup

The random Raman laser, illustrated in Fig. 4.1, was made of barium sulfate
(BaSO,) powder with particle diameters of 1-5 ym. BaSO, plays the role of both
the Raman gain medium and the scattering centers. BaSO4 was chosen due to its low
absorption, both linear and nonlinear, and high scattering cross section throughout
the visible spectrum. To pump the random Raman laser, short laser pulses with a
center wavelength of 532 nm and a pulse duration of 50 ps were used. The incident

radiation was gently focused onto the sample using a slightly offset beam expander
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Figure 4.1: (A) Conceptual drawing illustrating random Raman lasing that is built
up from spontaneous Raman scattering. Several pump photons are shown entering
the medium. One undergoes spontaneous Raman scattering while the other two
are simply elastically scattered. An additional Raman photon is created via stim-
ulated Raman scattering between the two elastically scattered pump photons and
the Raman photon. This is the mechanism that drives random Raman lasing. (B)
Simplified diagram of the experimental setup for the random Raman laser. HWP
- half-wave plate. PBS - polarized beam splitter. BD - beam dump. BS - beam
splitter. EM - energy meter. TS - slightly offset 3x telescope to gently focus the
beam onto the sample. BaSOy4 - barium sulfate powder with micron sized particles.
CL - collection lens set up to image the sample on to the detector. F - filter. D
- either an energy meter, spectrometer, or streak camera depending on the desired
measurement.

as a compound lens, allowing for adjustments in the beam diameter incident on the
sample (see Fig. 4.1). The best results were achieved with a beam diameter of about
1 mm. Smaller beam diameters limited the maximum amount of energy which could
be deposited without observing damage to the sample, while the efficiency declined
due to lower intensities when larger beam diameters are used. The emitted light was
collected at near normal incidence and passed into an energy meter, a CCD camera,

or a spectrometer via a set of mirrors and lenses for the appropriate measurements.
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4.2.2  Threshold Dynamics and Efficiency

At low pump pulse energies, spontaneous Raman scattering, which manifests it-
self as a spectrum consisting of several lines whose relative intensities are not affected
by the pump intensity, dominates the detected signal. Above the lasing threshold,
the Raman spectrum collapses to a single Raman peak with a frequency shift of
985 cm~! as shown in Fig 2b. At higher pump energies, a second and third peak
were observed corresponding to the second- and third-order Stokes signal. These
higher order signals are the result of light undergoing multiple shifts of 985 cm™*.
For example, the second-order Stokes signal is generated by the first Stokes light
undergoing a second SRS process in which it picks up an additional 985-cm™! fre-
quency shift, resulting in a signal with a total frequency shift from the fundamental
pump wavelength of 1970 cm™!, and so on for the higher order processes. The pres-
ence of these higher-order processes further illustrate the substantial efficiency of the
random Raman lasing process.

Once the pump energy increases beyond the threshold, (1.05 mJ in the exper-
iment) gain exceeds losses and SRS dominates the conversion process and random
Raman lasing ensues (see Fig. 4.2). At a maximum of 11.5 mJ of pump energy, 2.0 uJ
of Raman signal was measured by the energy meter. Assuming a homogeneous an-
gular distribution of the emitted Raman photons, the conversion efficiency of pump
photons into Raman photons was approximately 1%. The astounding brightness of
the random Raman laser is illustrated in Fig. 4.3 with a digital photograph and with
a spectrum taken from a distance 21 m from the sample using a 20.3 cm off-axis
parabolic mirror as a collection optic. This demonstrates that the random Raman
laser is remarkably efficient considering typical conversion efficiencies for spontaneous

Raman scattering are on the order of 1078 [55].
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Figure 4.2: (A) Output Raman pulse energy vs incident pump pulse energy indi-
cating a clear threshold where random Raman lasing begins. Black circles are the
experimental data points, dashed blue line is a linear fit of the last 4 experimental
data points, and green triangles are the results of Monte Carlo simulations. (B) SRS
spectra of BaS04 powder at various pump powers illustrating the presence of higher
order Raman transitions. The spontaneous Raman spectrum of BaSO, is shown for
comparison, but was taken with a much higher resolution spectrometer. All spectra
have been normalized to fit on the same scale, and the widths of the SRS spectral
peaks were limited by the resolution of the spectrometer used.

Furthermore, a distinct feature of random Raman lasing is found in the dramatic
variation of the beam profile of the emitted radiation on the surface of the sample.
Below the lasing threshold, the spatial distribution of the emitted light of the ran-
dom Raman laser is very broad and is due to spontaneous Raman scattering (see
Fig. 4.4). This is the result of deep penetrating photons which spend a longer time
in the medium, leading to a greater chance of inelastic scattering through Raman
processes [15]. These deep-penetrating photons have a larger probability of exiting
the sample with large radial offsets. However, above the threshold, the majority of
the energy is emitted from a highly localized area near the surface (see Fig. 4.4).
This is primarily due to the fact that a large amount of the SRS light is generated

close to the surface, resulting in much smaller radial offsets. Strong SRS generation
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Figure 4.3: (A) Digital camera photo of random Raman lasing in BaSO4 powder.
(B) Spectrum of BaSO, taken through an 20.3 cm collection optic, 21 m away from
the sample.

near the surface can be attributed to the slower speed of light intensity in turbid
media compared to vacuum [87,88]. Thus, photons initially arriving in the medium
do not have time to leave the front surface of the sample before photons from the
back of the pulse enter, causing the pulse to effectively be compressed. This light

compression raises the intensity, generating a large SRS signal close to the surface.
4.3 Discussion

Many properties of the random Raman laser closely mimic those of a traditional
random laser, however there are some notable differences. First, the gain bandwidth
of a Raman transition is quite narrow (on the order of several cm™!) and as a result,
Raman lasing is monitored by measuring the relative increase of intensity of the
strongest Raman line. Second, non-resonant Raman transitions involve virtual states,
and are much faster than electronic transitions involving real atomic or molecular
levels. Thus, transient (picosecond) dynamics of the pump pulse propagation through

the medium play a pivotal role.
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In our experiment, micron sized particles were chosen to ensure that no single
particle promoted significant Raman gain [89,90], thus requiring the feedback from
elastic scattering to support random Raman lasing. When larger particles (hundreds
of microns or larger) are used, it is possible that a single particle can support sub-
stantial Raman gain. This Raman signal would then be scattered around and would
mimic random Raman lasing, however it should be stressed that this is would not be
random Raman lasing. Such a situation would result in ordinary Raman lasing in
a single particle which is then diffused throughout the medium by elastic scattering

without subsequent amplification occurring.
4.4 Methods
4.4.1 FEzxperimental Setup

For the pump source, the second harmonic pulse out of a Spectra Physics Quanta-
Ray GCR-3RA that was injection-seeded with a 10-ps pulse out of a Spectra Physics
Vanguard HMb532 was used. This produces a 50-ps pulse at 532 nm. To control
the pump power a half-wave plate was followed by a polarizing beam splitter. This
allows us to adjust the intensity of the pumping laser without effecting the beam
quality. The pump pulse is then gently focused onto the 1-5 um BaSO, powder
that was loosely packed into a small Petri dish by using a slightly offset 3x telescope
consisting of a 150-mm focal length plano-convex was followed by a —50-mm focal
length plano-concave lens. This setup allows us to slightly tune the spot size on the
sample while maintaining a nearly collimated beam. The Fresnel reflections off of a
1.6-mm thick BK7 window, tilted at 45° from the beam axis, was used as a reference
signal to measure the pump power. This signal was detected via a Coherent J4-09
energy meter. The reference signal was calibrated by measuring the ratio between

the energy of the reference pulse and the energy of the pump pulse at the sample,
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Figure 4.4: Spatial beam profiles, (A), below threshold experiment, (B), above
threshold experiment, (C), below threshold simulation, and (D), above threshold
simulation illustrating the significant change in the spatial profile of the Raman sig-
nal above and below the threshold. Background subtraction was preformed for the

experimental images.
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using an additional Coherent J4-09 energy meter.

The output Raman signal was picked off using a nearly parallel elliptical mirror,
and imaged onto the detecting apparatus using a 5.08-cm diameter, 125-mm focal
length lens. The excess 532-nm light was removed by using both lenses of a pair
UVEX L99-LS6 YAG/KTP laser safety glasses as filters. The two lenses combined to
give 9.00 OD of attenuation at 532 nm, 0.51 OD at 563 nm, and 0.47 OD at 594 nm.
These absorption measurements were made using a Cary 5G spectrophotometer.
These wavelengths correspond to the pump, the first-order SRS peak at 985 cm ™!,
and the second-order SRS peak at 1970 cm™!, respectively. Using an Ocean Optics
USB 2000 spectrometer, it was confirmed that these filters reduce the 532-nm light to
a level below that which can be measured by that spectrometer. For measuring the
Raman energy in Fig. 4.4 a Coherent J3S-05 energy meter was used for the detecting
apparatus. To measure the SRS spectra shown in Fig. 4.4, an Ocean Optics USB
2000 spectrometer was used. For the spontaneous Raman spectrum, an InSpectrum
300-mm spectrometer (Acton Research, Inc.) was used.

The spatial profiles shown in Fig. 4.3 were obtained using the same laser system,
but the setup differed slightly. Instead of having the powder in a Petri dish and
shining the laser down from the top, the BaSO, powder was placed in a 2 cm by
1 cm cuvette and imaged from the front using a Pulnix TM-6701AN monochrome
CCD camera.

For the 21-m spectra an 20.3-cm off-axis parabolic mirror, with a focal length
of 2.54 m, was set up across the lab at a distance of 21 m from the sample. A
5.08-cm diameter 193-mm focal length achromatic lens was placed near the focal
spot of the mirror, 145 mm in front of the fiber mount of an Ocean Optics USB2000
spectrometer, in order to further focus the signal on to the slit, but without collecting

any additional signal.
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4.4.2  Monte Carlo Simulations

For spontaneous Raman scattering, a Monte Carlo model developed previously
was used [15,65]. We will quickly review the model here for clarity. A Gaussian pulse,
consisting of 10° photons is sent into a scattering medium characterized by scattering
(Is), absorption (l,), and Raman (lg) mean free paths. Photons are propagated for
a fixed amount of time during each step of the simulation. This is in contrast
to many Monte Carlo schemes that propagate each photon by the distance to its
next scattering event, thus causing all photons in the simulation to effectively have

different clocks. During each step there is a probability of an event given by

P=1—eh (4.1)

where i represents elastic scattering, absorption, or Raman scattering, and Ar =
(¢c/n)At. Elastic scattering is assumed to be anisotropic and is described by the
Henyey-Greenstein probability distribution, characterized by the anisotropy factor
g = (cosf). Spontaneous Raman scattering is assumed to be anisotropic.

To include SRS effects an interaction between a pump and Raman photons is
defined. For each Raman photon inside a sphere of radius rgrs, centered around the
pump photon, there is a binomial probability of converting that pump photon into

a Raman photon given by

p=1— ¢ fomsar (4.2)

Here, Psrg is a probability per length used to describe stimulated Raman scattering
and is related to the Raman gain coefficient, G. When a pump photon is converted
the new Raman photon takes the direction of the Raman photon whose coin flip

generated the conversion.
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For all the simulations presented in this paper the following values for the pa-
rameters were used: [, = 0.005 mm, [, = 10.0 mm, [z = 200 mm, rsgs = 0.025 mm,
Pyrs = 0.1 mm~t, n = 1.6, ¢ = 0.6, Ar = 0.002 mm. The sample was assumed to
be 5 mm thick and infinite in the transverse directions to simulate an infinitely thick
medium (no photons were transmitted through the sample in any run). The incident
pulse was assumed to be a 40-ps full-width at half-maximum pulse with a full-width
at half-maximum beam diameter of 0.1 mm To generate the data in Fig. 4.4 25 in-
dependent runs were averaged, while Figs. 3¢ and 3d were generated using only a
single run. In order to ensure that SRS did not contribute to the below threshold

data presented in Fig. 4.3 stimulated effects were disabled in this simulation.
4.5 Conclusion

We have demonstrated the first random Raman laser in a bulk three-dimensional
random medium. The lasing process is characterized by a distinct threshold, which
is well below the damage threshold of the materials used for these studies. While
many of the features are similar to traditional random lasers, the dynamics of random
Raman lasing have a few notable differences which we have elucidated with the help
of Monte Carlo simulations. While this report was focused on barium sulfate, the
same effect has been observed in a number of organic and inorganic powders, using
both picosecond and nanosecond laser pulses. Future work will further explore the
fundamental mechanisms behind the random Raman lasing process and elucidate
the use of this strong Raman light for remote sensing and as a useful light source for

microscopy.
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5. NONLINEAR MONTE CARLO SIMULATIONS*

5.1 Introduction

The propagation of light in the presence of scattering is a long standing problem
of fundamental importance. Everything from light based biomedical imaging tech-
niques to Earth based telescopes are intimately effected by the scattering of light.
The multiple elastic scattering which takes place in optically thick turbid media is
mathematically intractable. From the viewpoint of Maxwell’s equations it requires
knowledge of the location and shape of each individual scatterer. Ultimately this
would involve solving Maxwell’s equations with tremendously complicated bound-
ary conditions, making the problem virtually impossible. In contrast, Monte Carlo
simulations describe light as discrete particles which scatter in random directions
at random intervals. These discrete particles are referred to as photon packets to
distinguish them from the physical quantum of light, and indicate that a single pho-
ton packet can represent many more than a single physical photon. Monte Carlo
simulations allow very complex dynamics to be simulated with only the knowledge
of macroscopic physical properties of the medium. This allows anisotropic elastic
scattering to be described using only two bulk material properties, the scattering
coefficient and the average value of the scattering angle [5,6,91,92]. Historically, the
major limitation in the application of Monte Carlo simulations has been their compu-
tationally intensive nature. Advances in computing power over the years, and more
recently, the advances in graphics processing unit (GPU) computing, have made this

largely a concern of the past [93].

*Reprinted with permission from “Efficient time-dependent Monte Carlo simulations of stimu-
lated Raman scattering in a turbid medium” by B. H. Hokr, V. V. Yakovlev, and M. O. Scully,
2014, ACS Photonics, 1, 1322-1329, Copyright 2014 by American Chemical Society
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In addition to elastic scattering, Monte Carlo simulations have been made to
handle the effects of absorption in much the same way. However, to reduce the
variation from run to run, the concept of partial absorption is commonly used [6,22].
This allows the photon packet to be partially absorbed by defining a photon weight
that is reduced as the photon packet propagates through the medium. Ultimately,
when the photon packet’s weight is reduced below a threshold value, a Russian
roulette process is used to eliminate the photon packets in a way which conserves
energy [6].

Furthermore, Monte Carlo simulations have been extended to investigate other
linear effects such as fluorescence [94-97] and spontaneous Raman scattering [12,15,
98,99]. Various methods have been used to accomplish this, but the ones most in line
with our present approach define an appropriate probability law (Beer’s law in the
case of linear effects) which describes the probability of a photon packet to undergo
a certain process in a given step.

Traditionally, it is thought that the diffusion of light in a turbid media renders
nonlinear effects unimportant. The recent discovery of random Raman lasing shows
that this is not the case when intense pulses of light are used [45,86]. Other notable
advances, involving wavefront optimization hint at the possibility of being able to
focus light to a smaller region inside a turbid environment, further elucidate the need
for a better understanding of nonlinear optics in the presence of scattering [66, 100].
In addition to random Raman lasing, nonlinear Raman effects offer the possibility for
non-invasive label-free biomedical sensing and imaging deep in tissue [25,73,101-104].

To date, the only nonlinear effect to be considered by Monte Carlo techniques is
multi-photon fluorescence [8,11,105]. These simulations rely on the computation of
a linear response function for the medium. This is computed by propagating a point

source of photons, considering only absorption and elastic scattering, through the
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medium and keeping track of the photon density throughout the medium. The linear
response function is then convolved with the pulse to be considered, and the effects of
fluorescence are computed from the intensity distribution. This approach works well
so long as the nonlinear effect remains weak and temporal dynamics can be ignored,
as is often the case with multi-photon fluorescence. However, stimulated Raman
scattering (SRS) is an instantaneous effect making transient dynamics important.
Additionally, due to the presence of exponential gain SRS can saturate the pump
pulse, making the assumption that the nonlinear effect doesn’t effect the distributions
of photons in the medium a poor one. Thus, in order to accurately describe the effects
of SRS a new approach is required.

Here, a nonlinear Monte Carlo (NLMC) model for SRS is presented [17]. The
nonlinear effects are treated by deriving probability laws for a pump photon packet
to be converted to a Stokes or anti-Stokes photon packet which depend on the local
density of photon packets. By treating the problem in this fashion secondary effects
such as pump depletion are automatically taken into account. This process is quite
general, and allows for generalization to other nonlinear effects. The model is then
validated using both analytical and experimental results. In addition, the derived
probability law is related back to physical parameters through comparison with one-

dimensional propagation equations.
5.2 Results
5.2.1 Model

The nonlinear Monte Carlo method presented here is based on a standard Monte
Carlo multi-layer (MCML) method [6]. For the sake of clarity and completeness, we
will summarize the parts of the traditional MCML model that were used here.

To simulate nonlinear effects, such as SRS, knowledge is required of each photon
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packet’s position at a given time. To include time resolution into the simulation, a
global time step, At, is defined. Each photon packet is propagated independently
during a single global time step. However, at the end of each time step, all the photon
packets must be stopped and synchronized with each other. When the photon pack-
ets are synchronized, the photon densities required for treating SRS are computed.
These photon densities are then used to calculate the nonlinear photon dynamics
throughout the next global time step. This method allows for highly parallel com-
putation, and is subject only to the constraint that the photon packets cannot move
far enough during a single global time step that they significantly alter the photon
density. Samples with high elastic scattering are perfect from this standpoint, as
multiple elastic scattering results in a speed of energy diffusion which is slow com-
pared to the speed of light, allowing a more course global time steps to be used
without sacrificing accuracy. Once the combined weight of all the photons remaining
in the simulation falls below a given threshold, for all simulations here this threshold

is 0.001% of the initial weight, the simulation is terminated.
5.2.1.1 Initial Conditions

Pulses of light are initialized outside the turbid medium and formed by assigning
(x,y, z) coordinates to N photon packets which satisfy the profile of the desired
pulse. The simplest such pulse to consider would be a pulse that is incident on the
sample that has both a Gaussian spatial and temporal profile. In this case, the initial

distribution function of the pulse is given by,

plo2) = e enw (e - BT, (5.1)

27)3/2020, 202 202

where ¢ is the speed of light in a vacuum, 67 is a delay that is assigned to keep the

pulse out of the turbid medium at the start of the simulation, o, is the standard
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deviation in both the x and y directions, and o, is the standard deviation in the ¢
direction. The 1/e* width of the beam relates to the standard deviation by w = 40,
and the full-width at half maximum pulse length is related by A7 = QMJT.
The front surface of the sample is always taken to be the z = 0 plane. To sample
a Gaussian distribution with a uniform pseudo-random number generator, the Box-
Mueller method was used [20]. This produces two independent normally distributed

random numbers, x; and Y2, from two independent uniform random numbers, £ and

U

R= \/za2 In <1%£) (5.2)

6 = 2y (5.3)
X1 = Rcos(6) (5.4)
X2 = Rsin(6). (5.5)

In addition to Gaussian distributions, arbitrary distributions can be sampled by

integrating and then inverting the following equation for y:

/X p(x)dr = €. (5.6)

Here, a represents the minimum value of the independent variable of the distribution,
and £ is a uniformly distributed random number between 0 and 1. In order to
allow arbitrary distributions to be handled, Eq. (5.6) must be numerically solved.
In our implementation, the numerical integration is accomplished using Simpson’s
method [106] and Brent’s method for the numerical inversion [107]. This produced
a stable and reliable method for generating arbitrary distributions.

In addition to prescribing the initial positions of the photon packets, the initial
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direction must also be specified. In the most simple case of a collimated beam
normally incident on the sample, the direction vector would be identical for all photon
packets and be given by v = (0,0, 1). A focusing pulse can also be simulated by way
of a coordinate transformation from collimated space to focusing space. To start, we
initialize the photon packets as if there was no lens present giving each photon packet
its collimation space location, r = (z,y, z). Then the focusing space coordinates for

that particle are given by,

/ rz (2—W¢> (5.7)

T = ————sin

Va2 +y?
[02 | .2
y = _ Y sn 2x—+yw (5.8)
Va4 2 do

2’ = zcos <2d—0¢> : (5.9)

Here dj is the diameter of lens, and v is the angle that the focusing cone makes with
the propagation axis, given in terms of the numerical aperture by 1 = sin™'(NA).
The direction vector of these focusing photons is v/ = —r’/|r’|. After the velocities are
assigned, the depth of focus, 2y, can be assigned by a further translation, 2’ — 2'+z;.
It should be noted that wave effects like the diffraction limit are neglected by this
approach. However, in the presence of scattering this is not a major concern as the
pulse will be sufficiently scattered prior to reaching a non-physical, sub-diffraction
limited size.

The target sample is composed of different layers. Each layer is described by a set
of parameters which determine the optical properties of that layer. These parameters
are: the index of refraction, n, the elastic scattering coefficient, pus, the anisotropy
factor, g, the absorption coefficient, u,, the Raman scattering coefficient, ug, the

SRS coefficient, usrs. For the purpose of including reflection and refraction at the
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Table 5.1: Comparison of an index matched sample containing elastic scattering and
absorption with previous analytical solutions and Monte Carlo simulations. The
uncertainty given represents the standard deviation.

Source Reflection Transmission
van de Hulst, 1980 0.09739 0.66096
NLMC 0.09734 £ 0.00023 0.66104 £ 0.00028
Wang et al., 1995 0.09734 + 0.00035 0.66096 £ 0.00020
Doronin et al., 2011 0.09741 £ 0.00027 0.66096 + 0.00017

surface, the medium surrounding the sample is given an index of refraction, ng, and

is assumed to have no scattering or absorption.
5.2.1.2  Spontaneous Raman Scattering

Spontaneous Raman scattering is a linear process just like elastic scattering and
absorption, thus it can be treated in a similar manner. The probability that a pump
photon undergoes spontaneous Raman scattering over a dimensionless distance As
is given by,

Pr =1 — e Pr(As/ns) (5.10)

If a uniform random number & < Pgr then the photon is converted into a Raman
photon. Raman scattering is assumed to be isotropic, thus the new direction vector

is given by Eqns. (1.31), (1.32), and (1.33) with the scattering angles given by:

cos(f) =26 — 1 (5.11)

¢ = 27, (5.12)

Multiple orders of Raman scattering could be treated, however, in our simulations

we neglect these higher order Raman processes.
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5.2.1.3  Stimulated Raman Scattering

To treat SRS in the simulation we must have knowledge of the distribution of
Raman scattered photons. This distribution is computed by assigning a grid of voxels
to the computational domain then summing up the weight of each Raman photon
located in each bin. This is computed only at the end of each global time step,
thus the global time step itself must be chosen small enough such that the photon
distribution does not undergo large changes during the course of a single time step.

The probability that a pump photon undergoes a SRS process is given by.

Psps = 1 — e Psrspr(Ds/ps) (5.13)
Here, pp is the local Raman photon packet density. This is computed by summing
the total weight of Raman photons in the same voxel and then dividing by the volume
of the voxel. The new direction is taken to be the weighted average of the direction

vectors of Raman photons in the same voxel.
5.2.2  Validation

To ensure the basic elastic scattering and absorption dynamics of NLMC are work-
ing properly, the reflection and transmission coefficients obtained with the NLMC
simulation are compared to previously obtained analytical results and previous Monte
Carlo simulations for an index matched sample [6,108]. The sample considered was

L anisotropy factor of

0.2 mm thick with a scattering coefficient of ps = 9.0 mm~
g = 0.75, and an absorption coefficient of p, = 1.0 mm™!. 25 pulses each containing
108 photon packets were averaged together to produce the results shown in Tab. 5.1.

To validate the treatment of index mismatched boundaries, an index mismatched

semi-infinite slab was chosen as a second example. The slab was given an index of
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Table 5.2: Comparison of an index mismatched sample containing elastic scattering
and absorption with previous analytical solutions and Monte Carlo simulations. The
uncertainty given represents the standard deviation.

Source Reflection
Giovanelli, 1955 0.2600
NLMC 0.25993 = 0.00029

Wang et al., 1995  0.25907 £ 0.00170
Doronin et al., 2011  0.25957 4+ 0.00043

refraction of n = 1.5 compared to the background index of ng = 1.0. Scattering was
assumed isotropic (¢ = 0) and a scattering coefficient of p, = 9.0 and absorption
coefficient of p, = 1.0 were used. The excellent agreement with previous results are
shown in Tab 5.2. These results were averaged over 25 pulses each containing 10°
photons.

To validate the NLMC model for SRS, we will compare the simulation results
to previous experimental work on random Raman lasing in barium sulfate (BaSOy)
powder [86]. These results illustrated in Fig. 5.1 demonstrate the excellent agree-
ment between the NLMC model and experimental results. The sample used in the
simulation was 5 mm deep with an index of refraction, n = 1.6, an anisotropy fac-

tor, ¢ = 0.6, a scattering coefficient, p, = 200 mm™!

, an absorption coefficient,
fte = 0.1 mm™!, a spontaneous Raman coefficient, Bz = 5 x 107 mm™?, and a stim-
ulated Raman coefficient, Bsgs = 1.5 x 107 mm?. The global time step was set to
At = 0.1 ps and the bin size was set to d = 0.02 mm. A single incident pump pulse
with a full-width at half maximum pulse width of 50 ps and a 1/e* beam diameter
of 1 mm was sent into the sample, and the Raman weight exiting the sample in the

reflection geometry was totaled. To generate the different pump energies, the num-

ber of pump photon packets simulated was varied over a range from 10* to 2 x 10°.
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Figure 5.1: NLMC simulations compared with experimentally measured threshold
data for random Raman lasing. The error bars shown represent the 7% uncertainty
in the measurements of the energy meter used and the results are the average of 20
independent pulses.
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Figure 5.2: Density of Raman scattering centers for (A) 110,000, (B) 140,000, (C)

170,000, and (D) 200,000 incident pump photons. Intensities were normalized by the
number of pump photons.

For each pump energy, 20 independent runs were computed.
5.2.3 Density of Raman Scattering Centers

In addition to exploring the efficiency of random Raman lasing, using the NLMC
simulation, we can look at the distribution Raman scattering centers in the medium.
The distribution of Raman scattering centers is something which can provide insight

into random Raman lasing, but cannot be experimentally measured. Fig. 5.2 shows
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the distribution of locations where a Raman photon is converted from a pump photon,
known as a Raman scattering center. The parameters used were the same as above.
Each graph is normalized by the number of pump photons. What is observed here
is that the vast majority of Raman photons are generated in a relatively thin region
of the sample, and are not the result of long path length photons. This supports the
conclusion that the majority of the random Raman lasing signal is generated near
the surface of the sample where pump intensity is largest. This is in contrast to a
more steady state picture where longer photon paths would experience more gain.
In this transient regime picture the NLMC simulations suggest that as these long
path length photons continue to travel through the medium disorder induced pump
depletion occurs, leading to a lower gain at later times [109]. The net result of this
process is that photons trajectories which are present where pump intensities are
greatest, are the ones most likely to contribute to random Raman lasing, and these

photons need not be the ones with very long trajectories.
5.2.4 Scattering and Absorption Dependence

One of the most difficult difficult properties to measure with random Raman
lasing is its dependence on scattering. To date, random Raman lasing has only been
observed in fibers and powders, and neither of these systems offer the chance to
experimentally vary the scattering and absorption properties of the medium. Some
variation of the scattering coefficient would be possible in powders by pressing the
sample with a known pressure, but at some point the particles will begin to make
optical contact and will stop behaving like individual particles and will behave more
like agglomerate particles.

While the dependence of SRS on scattering and absorption is difficult to experi-

mentally realize, it is ideally suited for investigation with Monte Carlo simulations.
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The results are shown in Fig. 5.3. All the parameters for these runs are the same
as those used above except for the scattering and absorption coefficients. The pump
energy was set to 200,000 photons to correspond to the largest value used in the
comparison with experiment. A clear threshold for the scattering coefficient can be
seen, and this value depends on the absorption coefficient. Both, the threshold and
the decrease in the random Raman emission at higher scattering coefficient can be
understood by the fact that scattering is both providing feedback as well as determin-
ing the excitation volume. At low scattering, there is insufficient feedback to support
gain. When scattering becomes large there is sufficient feedback, but a smaller vol-
ume of the sample is excited because the pump tends to be localized near the surface
of the sample. The smaller excitation volume decreases the efficiency of the process
resulting in a decrease in signal for higher scattering. These conclusions are further
supported by the large decrease in the signal due to absorption near the optimum
scattering coefficient. Absorption limits the size of the excitation volume, shifting
the most efficient scattering coefficient towards higher scattering, and decreasing the

total emission, even for the rather small absorption coefficients used here.
5.3 Discussion

The probabilities used to describe the various Raman effects in the NLMC simu-
lation can be derived from the one-dimensional equations governing the evolution of
the intensity. Take for example the simplest case of spontaneous Raman scattering.

In one-dimension the intensity of Raman photons can be described by,

dlg
— = url,. 5.14
a2 HURip ( )

In between scattering events a photon packet will travel in a straight line, thus

Eq. (5.14) describes the dynamics of a photon packet where we take the z-axis to
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Figure 5.3: Dependence of SRS generation on scattering and absorption for a fixed
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be the direction of propagation for that photon packet. We can integrate Eq. (5.14)

over the distance that it travels in its current step,

z0+(As/ps)
AIR = / ,U,prdz. (515)

20

Under the assumption that this step size is small (not larger than (¢/n)At) we can

assume that the pump intensity remains constant over this small distance, thus
Alr =~ pr(As/s)1,. (5.16)

These intensities can be put in terms of photon densities using the relation I; =
nhc(w; /n;)pi, where i represents pump, p, or Raman, R, signals respectively, and 7
is the number of photons represented per photon packet. With this, Eq. (5.16) can

be rewritten in terms of the photon densities,

Apr = pr(Wp/Wr) (/1) (AS/ 1) pp- (5.17)

This equation has the physical interpretation that pgr(w,/wr)(ng/n,)(As/us) is the
probability that a pump photon is converted to a Raman photon. To improve the

behavior of this probability we can make use of the fact that this is small to write
APR — [1 _ e*MR(wp/WR)("R/”p)(AS//‘S)} Pp- (518)

Now if we write

Br = pr(wp/wr)(nr/nyp) (5.19)
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the probability that a pump photon packet will convert to a Raman photon packet

in a given step will be given by
Pr =1 — e Pr(As/ns) (5.20)

which is identical to Eq. (5.10).
The same method can be used to describe the more complicated nonlinear effects

of SRS. In 1-dimension the Raman signal due to SRS is described by [26, 55],

dI
d—: = GIIy, (5.21)

where G is the Raman gain coefficient given by [110,111]

B cAN do
 hm2ndwiw,dwr 00

(5.22)

Here, AN is the population density (containing any thermal distributions of states)
of the molecular species leading to the gain, ng is the index of refraction at the Stokes
frequency, wg is the Stokes frequency, w, is the pump frequency, dwg is the Raman
linewidth and 0o /0f2 is the Raman cross-section. Following the same procedure used

for spontaneous Raman we end up with
A/)R — [1 _ Q*Gﬁhc(wp/np)PR(AS/HS)} Pp- (523)

Comparing this with Eq. (5.13) we can see that our SRS coefficient relates to the

Raman gain by,

Bsrs = Gnhe(wy/ny). (5.24)
Monte Carlo simulations are notorious for being computationally demanding be-
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cause large numbers of photon packets must be simulated to obtain accurate dynam-
ics. In a traditional Monte Carlo scheme such as MCML, these photon packets can
travel independently indefinitely. What we mean by this is that each photon packet
does not require any knowledge about any other photon packets in the simulation.
This makes Monte Carlo simulations trivially parallelizable and ideal for the massive
computational power of modern day GPU’s [14,112].

In NLMC this is no longer the case. Due to nonlinear interactions, the photon
packets require information about the distribution of other photon packets. This
requires all parallel threads to stop, calculate the photon densities, and synchronize
information. This reduces the level of parallelism, however the NLMC code still
receives an enormous speed enhancement when run on GPU’s. On our system, the
GPU version of the code was able to run simulations consisting of 10° photon packets
in just a few minutes. This run time is comparable to simulations using the CPU
version of the code with only 10* photon packets. These simulations were run using
double precision accuracy on a system that consisted of an 3.4 GHz quad core CPU
(Intel; i7-2600K) with 16 GB of RAM and a GPU (NVIDIA; GeForce GTX 560 Ti).

At the heart of the NLMC model is the calculation of time resolved photon
densities. The method we implemented to accomplish this is a bin sorting method.
Each photon packet is sorted into bins and their weight is summed giving a measure
of the photon density. This is readily parallelizable and fast, however, because a
large grid must be stored, it requires a large amount of memory. On our system,
GPU memory is the limiting factor to the number of photons that we can run in a
single simulation. The NLMC method could be programmed in a way that this is
not the case, however there would likely be a substantial degradation in performance
due to the relatively slow speed at which memory is transferred to the GPU.

In condensed matter, the Raman coefficient is typically on the order of 1077
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mm ™! [55]. With our current implementation we are limited to a few million photon
packets per pulse. With an increase in GPU memory and further optimization, it is
reasonable to expect that tens of millions of photons would be possible in a reason-
able amount of time. However, this is still barely approaching the level where only a
few photon packets undergo spontaneous Raman scattering. Because of this compu-
tational limitation, previous Raman Monte Carlo simulations have simply taken (Sg
to be artificially large [21,65]. This is justified by the fact that when only sponta-
neous Raman effects are present Sz simply contributes a multiplicative factor on the
amount of Raman generated (provided pump-depletion does not become a problem).
This breaks down in the presence of SRS. When SRS effects are present, the value of
both Sr and fsrs play a role in the dynamics of the simulation. This can be seen in
Fig. 5.4. In practice this does not appear to be as large of a problem as one would
suspect. Fig. 5.1 serves as an example of the accuracy of the method even with an
unphysically large Gg.

While not explicitly included in the derivation of the probabilities used in the
NLMC simulations, pump depletion is taken into account in the simulation itself.
The process of converting pump photon packets into Raman photon packets removes
energy from the pump field reducing the probability of later photons converting.
Thus, the mechanics of the simulation process itself take care of pump depletion
effects. It should be noted, in any single global time step pump depletion effects are
ignored because the photon densities are not updated during this time. Thus, care
should be taken not to use a large time step when the simulation is in the strong
saturation regime.

In the NLMC simulations there are two parameters which control the accuracy of
the simulations when nonlinear effects are present, the global time step, At, and the

photon density bin size, d. In practice these two should be matched such that during
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Figure 5.4: SRS generation with various spontaneous Raman coefficients showing
that in the limit of no SRS this trivially results in a constant multiplicative factor,
but in the high intensity regime the dynamics are far more complicated.
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a global time step the motion of a single photon packet does not substantially change
the photon densities needed to calculate the nonlinear probabilities. To ensure this
is the case, we simply require (¢/n)At < d, where in this case n is taken to be the
smallest index of refraction of all the layers.

To generate the random numbers for our implementation, a Hybrid Tausworthe
generator was used [19]. This generator has the advantage of being faster and re-
quiring less memory than a Mersenne twister method [113] while still providing a

0%6. To generate these numbers in parallel each photon packet

period greater than 1
is assigned its own set of 4 initial seeds generated using the built in random number
generator which is itself seeded with the current time, ensuring each run is indepen-
dent of the last.

In the current NLMC code, only SRS is considered, however, the concept of in-
troducing intensity dependent coefficients by way of computing the photon density
is not limited to just these effects. This idea can be generalized in a straight forward
manner to handle other nonlinear effects like absorption saturation, second and third
harmonic generation, coherent anti-Stokes Raman scattering (CARS) etc. Addition-
ally, higher order Stokes and anti-Stokes processes can be treated by allowing Stokes
photons to undergo additional Stokes processes [114].

In the treatment here we have assumed that each wavelength propagates through
the simulation using the same optical properties. Wavelength dependent properties
could easily be implemented by defining a new set of optical properties for each type
of photon and keeping track of this throughout the simulation.

It is important to note that while this technique shows excellent agreement with
experimental data it neglects the wave nature of light. All phase matching conditions
are automatically satisfied for SRS. Thus, it is not a coherent wave mixing phenomena

but is more closely related to stimulated emission where the newly created photon’s
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phase depends only on the phase of the stimulating photon and not on the phase of
the pump photon. However, the generated intensity does not depend on the phase
of the stimulating photon. In other words, the process has the same probability of

occurring regardless of this phase.
5.4 Conclusion

Currently there are no methods capable of accounting for the wave effects of light
propagation in turbid media in the presence of nonlinear optical effects. However,
for very simple systems, finite difference time domain (FDTD) [115] methods might
be possible, but this approach is ultimately limited by the requirement that the
location of each scattering particle must be known. Additionally, the possibility of
extending the probabilistic approach of describing SRS employed here to electric field
Monte Carlo (EMC) simulations [116-118] exists, but such methods still treat light
as local particles with definite direction instead of waves which do not have a well
defined direction, thus it is unclear at this moment if this will allow significant gain
to warrant the increased complexity.

Here we have presented a method for including nonlinear effects into Monte Carlo
simulations, specifically SRS. The ability to include these effects in Monte Carlo
simulations will allow for a better understanding of the nonlinear dynamics of light
in a turbid media, advancing fields such as nonlinear microscopy of biological tissues
and increasing our understanding of new fundamental effects such as random Raman

lasing.
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6. CASCADED PROCESSES IN RANDOM RAMAN LASING*

6.1 Introduction

Random lasing has been a topic of considerable interest for nearly two decades
2,29,30,33,42,82,119]. Much of this interest is centered around the opportunity to
study phenomena which are typically weak in a traditional scattering medium that
has losses instead of gain. The effects being investigated include coherent backscat-
tering, also known as weak localization [1,69,120], and Anderson localization of light,
also referred to as strong localization [3,121-124]. These processes are studied in ran-
dom lasing media due to the presence of gain. Gain acts to preferentially amplify
long path length photons, those most likely to be affected by localization processes,
instead of absorption which attenuates these very photons which you wish to study.

The recent discovery of random Raman lasing has opened up a new regime in
which to study light propagation in turbid media [65,86]. Random Raman lasing of-
fers several potential advantages over traditional random lasing for the study of these
effects. First, random Raman lasers can be pumped with much more intense laser
pulses because the medium, typically barium sulfate (BaSOy), has extremely small
linear and multi-photon absorption. This is difficult to accomplish in traditional
random lasing because the medium must be able to absorb the pump wavelength.
Fundamentally, stimulated emission, the gain mechanism in traditional random las-
ing, requires the physical absorption of photons followed by re-emission some time
later, while stimulated Raman scattering (SRS) operates on virtual transitions and is

essentially instantaneous. This fundamental difference in the processes leads to less

*Reprinted with permission from “Higher order processes in random Raman lasing” by B. H.
Hokr, J. N. Bixler, and V. V. Yakovlev, 2014, Appl. Phys. A, 117, 681-685, Copyright 2014 by
Springer-Verlag Berlin Heidelberg
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Figure 6.1: Conceptual drawing of higher-order SRS processes where the Stokes
generations undergo SRS processes themselves. Each order of the process gives the
output light an additional frequency shift equal to the energy of the vibrational
transition.
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heat being generated in the medium and allows much more powerful laser sources to
be used without damaging the lasing medium. The more intense pump laser pulses
used in random Raman lasing support tremendous gain, allowing for the generation
of a very bright emission [45]. Second, the gain in random Raman lasing is fun-
damentally different than traditional random lasing. Because SRS does not involve
the actual absorption of a photon the process cannot store energy unlike stimulated
emission, which stores the pump photons energy until a stimulated emission process
occurs or the molecule spontaneous relaxes. This transient nature of the gain man-
ifests itself in the gain being proportional to the local intensity of the pump field.
Additionally, random Raman lasing gives us an opportunity to study nonlinear opti-
cal effects in a turbid media. A better knowledge of these dynamics will help improve
upon applications ranging from chemical analysis in turbid media [25, 104, 125] to
stimulated Raman induced photoacoustics 75,126, 127].

One of the most striking properties of the random Raman lasing emission previ-
ously reported is the presence of higher order SRS processes [45,86]. These processes
are the result of the Stokes shifted field undergoing an additional SRS processes, and
picking up an additional Stokes shift. This is illustrated schematically in Fig. 6.1,
and the experimental data is reproduced in Fig. 6.2. These higher order emissions
require both a large gain and a long pathlength in the medium to develop, thus they
are a natural place to investigate for the role of localization type effects in random
Raman lasers.

In order to study the effects of localization, we first must understand how these
higher order processes could develop in the absence of wave effects such as local-
ization. Monte Carlo simulations treat light as a pure particle, thus they are not
sensitive to wave effects that are responsible for localization. In other words, Monte

Carlo simulations provide us with a view of what the emission from the random
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Figure 6.2: Experimental data showing the clear presence of higher order Stokes
modes.

Raman lasing would look like in the complete absence of localization. This picture
will allow us to compare these results to future experimental results, and enable us
to conclude whether or not wave propagation effects play an important role in the
dynamics of random Raman lasing.

Here, we present Monte Carlo results which study some of the most striking
features of the higher order Stokes processes which have been observed in random
Raman lasing [114]. We first study the threshold behavior of these higher order
modes and then move forward to discuss the temporal behavior of these dynamics
in the absence of wave propagation effects. This data will allow us to better study
wave propagation effects in random Raman lasing by elucidating which effects can be
explained by ordinary transport equation dynamics and which effects require wave

propagation to be fully described.
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Figure 6.3: Monte Carlo simulations showing the threshold like behavior of each of
the Stokes lines.

6.2 Methods and Results

To model the behavior of the higher order processes, we employ the nonlinear
Monte Carlo (NLMC) simulation developed previously [15,114]. To summarize the
method here, elastic scattering is treated by assigning a random distance to the next

elastic scattering event, given by the distribution

p(d) = pge =2 (6.1)

where p, is the scattering coefficient and d is the distance traveled by the photon.
Once a scattering event occurs, the scattering angle is given by the Henyey-Greenstein

distribution function in terms of the anisotropy, g = (cos(#)), and a uniform random
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number, &, between 0 and 1

1
cos(0) = %
9

1+ 2—<1_—92)2 (6.2)
g 1—g+2¢¢ ' '

Absorption is treated by assigning each photon to start with a weight of unity. After
each step its new weight is given in terms of the absorption coefficient, u,, the

distance traveled in that step, d, and the index of refraction of the medium, n, by
w' = et My, (6.3)

Each step, photons are given a probability of undergoing spontaneous Raman scat-
tering given by,
Pp=1—¢Prl/m), (6.4)

Here, fr is a measure of the strength of the Raman transition. Due to computa-
tional restraints, this parameter must be taken to be artificially large. However, over
a reasonable parameter space this has not been seen to cause large deviations in the
behavior of the model outside of an overall multiplicative constant in the strength
of the signal. Additionally, comparison with experimental results confirm that the
parameters here are in good agreement. When a photon Raman scatters it is con-
verted from one photon type (pump, 1st Stokes, 2nd Stokes, etc.) to the next Stokes
line. To include SRS in the simulation, the photon densities of each type of photon
are calculated using a binning method. Once this is done the probability of a photon

undergoing SRS is given by,

Psps = 1 — ePsrspr(d/n) (6.5)
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where pg is the photon density of the Stokes mode that the photon will scatter into
if this “coin flip” is successful, and fsrs is a measure of the strength of the SRS
process.

To model random Raman lasing, we chose the parameters which give the best fit
to the available experimental data [114]. The sample was set to be 5 mm thick and
6 mm in the transverse directions. No photons in any of the simulations were able to
penetrate through the sample, thus it can be treated as semi-infinite. Photon packets
encountering the side boundaries of the sample were terminated at the surface. While
this is a potential source of error, the few photons which do penetrate this far are
extremely unlikely to undergo stimulated processes because the photon density is so
small in this region. Thus, we can safely conclude that any error incurred by this
finite transverse sample approximation will be very small compared to the stimulated
contribution of the effects which we are interested in. The index of refraction was
set to n = 1.6 to correspond to the index of refraction of BaSO,. The medium was

given an anisotropy factor of g = 0.6, a scattering coefficient of j; = 200 mm™1,

1

an aborption coefficient of p, = 0.1 mm™", a spontaneous Raman coefficient of

Br=5x10"*mm™!, and a stimulated Raman coefficient of Sspg = 1.5 x 10~° mm?.
The spontaneous Raman coefficient and the stimulated Raman coefficient govern the
strength of their respective process in the Monte Carlo simulations, and are defined
and related to physical constants in previous work [114]. The global time step of the
simulation was set to 0.1 ps and the bin size was set to 20 ym. A single incident
pump pulse was used in all the simulations, however the strength of this pulse was
varied. The pump pulse was Gaussian in space and time, with a full-width at half-
maximum pulse length of 50 ps and a 1/e* beam diameter of 1 mm. In all cases

the collected signal is all the photons of a particular type that exit the sample in a

reflection geometry. For every set of parameters the Monte Carlo simulations were
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averaged over 10 runs, each using a different initial seed for the random number
generator.

The threshold behavior of the different Stokes lines is shown in Fig. 6.3. For these
runs, all the parameters descibed above were held constant and the number of photon
packets making up the pump pulse were varied from 20,000 to 500,000 in increments
of 20,000. This is akin to varying the pulse energy of the pump pulse. It should be
noted that while the 4th Stokes signal is small, it is nonzero and beginning to undergo
stimulated processes for the largest pump power used. One of the more surprising
features of this is just how efficiently the 1st Stokes photons can be converted to these
higher order modes. At the largest pump power used, 24% of the pump photons were
converted to Raman photons of some kind. Of these, nearly 1 in 3 were converted
into higher order Stokes modes.

The temporal dynamics of these processes are shown in Fig. 6.4. These are
expected to be paramount to understanding the role of wave effects in random Raman
lasing because localization effects will lengthen the amount of time that photons will
stay in the medium. One of the interesting features that can be seen is the delay
between the pump signal and the 1st Stokes, and between the 1st Stokes and 2nd
Stokes and so on. It is readily seen that this delay decreases as the pump intensity
is increased. The most likely reason for this is that at high pump intensities, the
threshold for SRS processes occurs before the peak of the pulse. Thus, the stronger
the pump pulse, the earlier that the system crosses this threshold. For sufficiently
intense pump pulses, pump depletion effects can start to be seen in the scattered
pump signal, and even in the 1st Stokes signal at a high enough intensity.

Furthermore, the total decay time of the pump pulse and Stokes modes does not
vary significantly over the range of scattering coefficients that are reasonable for a

highly scattering powder (30 mm™! to 1000 mm™"). In Fig. 6.5 it is readily visible
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Figure 6.4: (A) Temporal distribution of the input pump pulse used in the Monte
Carlo simulations. Note that the vertical scale for this is arbitrary as it depends on
the strength of the input pump used. (B-F) Temporal dependence of the various
Stokes lines as well as the residual pump for different strength pumps in a reflection
geometry. All five plots are plotted using the same vertical scale, thus are comparable.
The input pump strengths are as follows: (B) 100,000 photon packets, (C) 200,000
photon packets, (D) 300,000 photon packets, (E) 400,000 photon packets, and (F)

500,000 photon packets.
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Figure 6.5: Temporal dependence of the scattered pump and the various Stokes
orders for various scattering coefficients. (A) p, = 30 mm™', (B) ps = 100 mm™*,
(C) ps = 300 mm~t, (D) ps = 1000 mm~*. 250,000 pump photon packets were
simulated for each run and all other parameters are those used in all the other
simulations.

that increases in scattering lead to increased efficiency of random Raman lasing. This
is a result of the lower scattering media allowing the photons to more easily diffuse

throughout, lowering the photon densities, and reducing the SRS gain.
6.3 Discussion

Typically higher order SRS processes are only observed in systems such as prop-
agating high intensity pulses down a fiber or when high intensity femtosecond pulses

are used in a Raman crystal [128]. The presence of these higher order modes in ran-
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dom Raman lasing using an unfocused 50 ps pulse is quite surprising. Furthermore,
the generation of each line is surprisingly efficient, even in the absence of localization
effects. In the presence of localization effects, it is logical to expect the generation
of these higher order modes to be even more efficient, due to the longer interaction
paths.

While an analytical approach to describing the dynamics of a 3D random Ra-
man laser would be completely intractable, Monte Carlo simulations offer a good
opportunity to understand how these dynamics fit into those associated with par-
ticle like transport equations dynamics. Such an understanding will be necessary
in the search for definitive proof that optical Anderson localization can exist in a
bulk 3D system. By comparing these results with future experiments, we will be
able to search for deviations from transport theory that would signify the presence
of wave propagation effects. Additionally, we will be able to distinguish the differ-
ence between localization effects and absorption, which has been an issue in previous

searches for localization [121].
6.4 Conclusion

The presence of higher-order, cascaded stimulated Raman scattering effects has
been confirmed in random Raman lasing. The presence of these highly nonlinear
effects points to the tremendous gain present in random Raman lasing systems. This
seemingly oversized gain hints at the presence of high-Q modes, potentially due to
localization dynamics, ultimately contributing to this incredible gain. Further work
is certainly required to confirm or deny the presence of these exotic modes, but in
either case the presence of these higher-order effects indicates that there is still a

great deal to learn about the dynamics random Raman lasing.
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7. THE POSSIBILITY OF ANDERSON LOCALIZATION IN RANDOM
RAMAN LASING

7.1 Introduction

Lasers are promising to revolutionize lighting technology, with laser headlights
already appearing in production automobiles. For some of these applications, the
coherence of a laser is a significant hindrance. One potential class of lasers that can
overcome this is random lasers [27]. Their highly multi-mode emission gives their
emission properties more like a classical light bulb or a light emitting diode (LED),
yet they exhibit laser-like brightness due to the presence of exponential gain [42].
In addition to promising applications, random lasers push our understanding of the
physics of wave propagation. The complex intertwining between multiple scattering
and nonlinear gain provide a seemingly ideal platform to study fundamental wave
propagation processes, such as Anderson localization [129], but accepted examples
of Anderson localization, in the optical domain, in 3-dimensional systems remain
elusive.

Anderson localization, which was discovered by Anderson in 1958 [130], is of
great interest in solid-state physics. He demonstrated that the wave-packet of an
electron can be absent of diffusion in a disordered medium [131]. Elucidating the
underlying physics in a medium with strong disorder provides insight on the transport
of particles, including electrons and photons. Recently, Anderson localization of light
in photonic lattices with disorder has drawn considerable interest [3,124]. Due to the
imperfections in optical media, it is impossible to disregard disorder in any optical
system. Thus, the performance of systems with strong disorder is of great importance

for known optical phenomena. For example, random nano-lasing has been studied in

75



the Anderson localized regime [129]. However, there has not been any research into
the effect of Anderson localization on random Raman lasing.

Random Raman lasing [85,86], random lasing which uses stimulated Raman scat-
tering as the gain mechanism, is emerging as an interesting platform to study wavelike
phenomena. Fundamentally, the advantage of random Raman lasing, compared to
traditional random lasers based on stimulated emission, is the low absorption of the
pump radiation. This allows the pump to penetrate a much larger volume than
stimulated emission lasing, where strong pump absorption is required to obtain a
population inversion. In addition to low absorption at the pump wavelength, ran-
dom Raman lasers have virtually no absorption at the emission wavelength, allowing
the lasing emission to propagate very long paths without attenuation. On the other
hand, traditional lasing requires non-zero absorption for the emission wavelengths
because detailed balance guarantees that stimulated emission and absorption share
the same coefficient. Ultimately, this means that propagation in regions where the
pump was unable to generate a population inversion suffers significant losses due to
absorption. In addition to significantly reducing the losses for extended, or long path-
length modes, the low absorption possible in random Raman lasing systems allows
for very intense pump pulses to be used without damage to the powdered sample,
leading to an extremely bright emission which is attractive as a light source [45,132].

Here, we present several pieces evidence that point to a deviation from classical
radiation transport, each of which is consistent with effects expected from the pres-
ence of extended modes and Anderson localization. First, non-linear Monte Carlo
simulations have provided useful insights into the dynamics of random Raman las-
ing [17,114], and have been able to reproduce all experimental features quite well
with one exception. They fail to predict the very long temporal life-time of the Ra-

man emission. Second, random Raman lasing emission has been shown to be highly
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Figure 7.1: The temporal profile of the random Raman laser emission versus pump
energy. (A) is the experimental data and (B) is the results of non-linear Monte Carlo
simulations. The elastically scattered pump is shown for reference. Each trace has
been normalized so that the exponential tails overlap by fitting an exponential decay
and dividing each trace by the normalization coefficient. The exponential decay
appears independent of pump power.

multi-mode [132], consisting of hundreds of lasing modes, while results from more
rigorous theoretical calculations predicts at most a few modes are possible. This
hints at multiple, essentially independent random Raman lasers are operating simul-
taneously, which again, points to extended, localized modes playing a role in the
dynamics. Finally, from measurements on the speckle contrast of the emission, it is
seen that a seemingly unique speckle pattern is formed with each random Raman
laser pulse. This is in contrast to how a typical laser operates where its modes are
quite coupled, even in the case of random lasers [33]. With random Raman lasers, it
seems that there exist many independent modes that each acquire their own unique
phase with each laser pulse, leading to the formation of a new speckle pattern. It
is important to fully disclose that none of these constitute direct evidence of Ander-
son localization, but each of them contradicts with the current theory and are all

consistent once the effects of Anderson localization are considered.
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7.2 Results

Barium sulfate (BaSO,4) was used as the active Raman medium and the source
of scattering in the random Raman laser. The powder was lightly packed into a
1 cm diameter, 1 cm deep cylindrical container with the top open so that the laser
never interacts with the sample container. This powder has a transport path length of
1.1940.03 gm which was measured using the coherent backscattering technique [133].
Given this very short transport path length we are likely in the strong localization
regime.

A streak camera (C1587; Hamamatsu) with a fast streak card (M1952; Hama-
matsu) capable of 2 ps temporal resolution was used to measure the temporal dy-
namics of the random Raman laser emission. The results are shown in Fig. 7.1. They
demonstrate that significant levels of Raman light remains present in the cavity sev-
eral nanoseconds after the pump pulse. This is in contrast to non-linear Monte Carlo
simulations [17,114] which predict a significantly shorter emission. The parameters
used in these simulations correspond to experimental data as much as possible and
are an index of refraction, n = 1.636, a scattering coefficient, y, = 2132.5 mm™!, an
anisotropy parameter, g = 0.7428, an absorption coefficient, 1, = 0.01 mm™' [134],
a spontaneous Raman coefficient, Bz = 2 x 107%, and a stimulated Raman coeffi-
cient, fsgs = 1075, The anisotropy and scattering coefficients used were computed
using Mie scattering theory for a 1 pm sphere of BaSO, and are in reasonable agree-
ment with those measured. For comparison, these values produce a transport path
length of 1.82 um. The computed values were used because the simulation requires
the scattering coefficient and the anisotropy coefficient separately. These parame-
ters are further defined and the simulations discussed in greater detail in a previous

paper [17]. It is important to point out that the Monte Carlo simulations should
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account for all the relevant physical dynamics with the exception of any which arise
due to the wave nature of light.

The steady-state ab initio laser theory (SALT) was designed to provide an exact
treatment of the open cavity boundaries and spatially varying gain competition [135—
138]. It yields a set of coupled differential equations in the frequency domain which
can be efficiently solved numerically. Unlike previous Raman laser theories, this
new theory self-consistently determines both the number of lasing modes and their
frequencies, thus naturally accounts for both multi-mode operation and line-pulling
effects between the natural Stokes frequency and the passive cavity resonances of
the laser cavity. Using this new theory, we can directly compare the multi-mode
proclivities of Raman gain media against traditional gain media for the same exact
cavity holding all other relevant parameters, such as the gain width, equal. The
results of such a comparison can be seen in Figs. 7.2A and 7.2C, which show the
modal intensities as a function of pump strength in a random, 1-dimensional cavity
for both a Raman and atomic gain medium respectively. Here, we see that the
Raman gain medium usually only has a single mode active for any given pump
power, in contrast with the atomic gain medium which is able to achieve multi-mode
operation for most input pump strengths. We can understand this through looking
at the associated lasing mode profiles shown in Figs. 7.2B and 7.2D. For the Raman
laser, as the pump power is increased, the high Q lasing mode deep within the
random cavity is eventually out-competed by the second lasing mode, which is lower
Q, but exists closer to the edge of the cavity, and as such depletes the pump photons
to the point where it drives the first lasing mode below threshold, turning it off.
While the modes in the atomic medium do compete for gain with one another, this
competition is through spatial hole-burning, rather than pump field depletion, which

is an effect specific to x* type gain media and parametric processes. These early
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Figure 7.3: Speckle contrast of random Raman lasing. The speckle contrast measure-
ments for a helium-neon laser and a halogen white light are shown for comparison
and to illustrate the dynamic range of the measurement technique. This predicts 300
independent lasing modes present in the random Raman laser emission.

results indicate that within a single cavity, there can be at most a few simultaneous
steady-state Raman lasing modes, many fewer than are possible with an atomic
gain medium. Thus, to increase the multi-mode behaviour of Raman lasers, one
must simultaneously pump a large number of effective cavities, in which each cavity
exists only a few highly localized modes, which do not compete for gain with other
neighbouring effective cavities.

To assess the number of lasing modes present in the random Raman laser, the
speckle contrast was measured [139]. The speckle contrast is defined to be

7

1
C = = — (7.1)
(I —vm

where (I) is the average value of the intensity, ¢ is the standard deviation, and m
is the number of independent modes present. Using these definitions, we find that

there are 300 independent lasing modes present in the emission. This well exceeds the

predictions of only a few simultaneous lasing modes in the theory presented above.
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Figure 7.4: The speckle patterns emitted by four consecutive pulses from the random
Raman laser. The image has been scaled to maximize the contrast of the speckle
grains. The fact that each image is a unique speckle pattern hints that each laser
mode gets an independent phase with each shot. This would not be the case if there
was even weak coupling between the modes as in a traditional random laser.
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To measure the speckle contrast, the light is coupled into a 2 m long 600 pm fiber.
The light from the fiber is left uncollimated and was allowed to overfill the array of a
16-bit CCD (Orca-ER; Hamamatsu). The CCD was placed far enough from the fiber
that the speckle grain size is significantly larger than the pixel size of the CCD. To
demonstrate the dynamic range of the measurement technique, a helium neon laser
was used as a highly coherent source, and a halogen light as a low-coherence source.
The resulting images and speckle contrast are shown in Fig. 7.3. The speckle contrast
was measured by selecting a 400x400 region of the CCD that was clear of debris.
That region was further subdivided into 25 80x80 sub-regions. The speckle contrast
of each sub region was computed independently by first subtracting a pedestal, to
reduce the effect of the CCD dark counts on the calculation, and then computing
the mean and standard deviation [140, 141]. This helps minimize any effects due
to non-uniform illumination of the array. Multiple images were taken with each
light source, and those used in the calculations for the random Raman lasing and
halogen light source were selected by rejecting any images with saturated pixels and
requiring the average counts per pixel to be greater than 20,000. This minimizes the
effect of noise due to the CCD while ensuring that saturation is not occurring. For
the Helium-Neon (HeNe) images, the requirement on average pixel count was not
enforced due to the high contrast, but the laser power was adjusted to maximize the
dynamic range of the detector without saturation. At the end, 21 images were used
for the HeNe calculations, 28 images for the random Raman lasing emission, and 101
images for the white light. All of the sub regions from all of the images were first
pooled together into a single data set and then averaged. The standard deviation of
these calculations were used as the error.

Finally, the last effect discovered thus far that points towards localization in

random Raman lasing again comes from the speckle pattern. On each sequential
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laser pulse a seemingly unique speckle pattern forms in the emission. This effect
is displayed in Fig. 7.4 where 4 subsequent laser pulses are shown. This is not
typical of random lasers which retain the same speckle patterns over repeated shots,
until some other perturbation in the system takes over and results in a new speckle
pattern. Typically, this occurs through the small but non-zero coupling between
modes. This allows each mode to share the phase from the initial spontaneous
photon that initiated the pulse, resulting in only a global phase shift from shot-to-
shot which would not effect the speckle pattern. On the other hand, if localized modes
were present that were independent of each other, each of these modes would require
its own so called “magic photon” which would give each mode its own independent
phase each shot, resulting in a unique speckle pattern with each shot. It is important
to disclose that at this time, we cannot yet definitively rule out perturbative effects
such as movement of the powder from shot to shot, but when presented in conjunction

with the other evidence a strong, clear picture emerges.
7.3 Conclusion

There are several key measurements where random Raman lasing deviates from
classical, particle-like, diffusion predictions, and while none of these measurements by
itself constitutes the proverbial “smoking-gun” of Anderson localization, Anderson
localization appears to be the only single effect that is known which is consistent
with all of these measurements simultaneously. For this reason, we conclude that
it appears highly likely that Anderson localization plays a key role in the dynamics
of random Raman lasing, making it a fascinating platform to test our theoretical

understanding of wave-like diffusion in non-linear systems.
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8. REMOTE CHEMICAL IDENTIFICATION VIA RANDOM RAMAN
LASING*

8.1 Introduction

The ability to remotely identify materials in real time has long been a scientific
holy grail. The search for extraterrestrial life, the necessity to assess the source of
climate change, and the growing need of agriculture further drive the interest in
developing chemically specific stand-off identification of materials [142-147]. The
remote identification of organic compounds would aid in the search for extraterres-
trial life and assist in the detection and monitoring of biological weapons [148,149].
The detection of nitrates at long distances would enable the detection of explo-
sives from safe distances [150,151]. Traditionally, optical remote detection schemes
have relied on non-directional incoherent processes [143-146]. These methods lack
efficiency, limiting the maximum effective distance of the technique, or requiring ex-
cessive integration times for chemically specific identification. More recent advances
have employed white-light generation in filaments [147] or lasing processes in at-
mospheric gases [152-155] to generate backward-propagating radiation that can be
used to drive coherent spectroscopic techniques, such as coherent anti-Stokes Ra-
man scattering (CARS) [148,156]. However, these approaches are only applicable to
atmospheric sensing.

With only the human eye, it is very difficult to distinguish between a harmless
white powder and one which can be used in the production of high-powered explo-

sives (see Fig. 8.1). However, each of these chemicals possess a distinct vibrational

*Reprinted with permission from “Single-shot stand-off chemical identification of powders using
random Raman lasing” by B. H. Hokr, J. N. Bixler, G. D. Noojin, R. J. Thomas, B. A. Rockwell,
V. V. Yakovlev, and M. O. Scully, 2014, Proc. Natl. Acad. Sci, 111, 12320-12324, Copyright 2014
by National Academy of Sciences, USA
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spectrum, allowing for chemical identification via vibrational spectroscopy. Raman
scattering, the inelastic scattering of light from a vibrational level of a molecule, has
been used for decades as a tool for nondestructive, label-free, chemical analysis of
samples [76]. Tt is a powerful analytical technique with one significant drawback;
the signal generated is extremely weak. Only about 1 in 10!° photons that enter a
sample undergo spontaneous Raman scattering. However, once the incident intensity
reaches a certain threshold, the process of stimulated Raman scattering (SRS) takes
place, leading to the exponential growth of the Raman signal [80,81]. The discovery
of random lasing [2, 33, 64] leads naturally to the question of whether or not it is
possible to achieve SRS in a random medium and ultimately random Raman lasing.

It is commonly thought that strong light scattering acts like diffusion to spread
out light as it travels through a turbid medium, making nonlinear optical effects
extremely inefficient. However, if the incident beam has spatial dimensions exceeding
the characteristic diffusion length of light, the photons can not quickly leave the
excitation volume, and multiple scattering effects result in a substantial intensity
buildup. This high-intensity region promotes stimulated Raman gain, which above
a certain threshold, leads to random Raman lasing. Random Raman lasing is much
more efficient than spontaneous Raman scattering, and conversion efficiencies of
several percent have been experimentally observed [157]. Recent advancements in
optical wavefront optimization brings hope that it might be possible to remotely
control the intensity distribution inside a scattering medium [70, 158], opening up
room for further improvements in the efficiencies of random Raman lasing.

Here, we report on the single-shot stand-off identification of closely related chem-
ical species via SRS from a distance of 400 m [45]. When corrected for losses incurred
by clipping losses and imperfect reflections this corresponds to an effective distance

of more than a kilometer. The light generated via the random Raman lasing process
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Figure 8.1: (A) A photograph of the various white powders where random Raman
lasing has been observed. The “whiteness” of these powders depends on the illu-
mination and the viewing angle, while SRS spectra provide excellent discrimination
of these compounds in a single laser pulse. (B) A photograph of random Raman
laser emission in BaSO, powder illustrating the brightness. (C) Conceptual drawing
illustrating remote detection of white powders via random Raman lasing.
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Figure 8.2: (A) Spontaneous Raman spectra of all of the chemicals where random
Raman lasing has been observed. (B) Stimulated Raman spectra of similar chemicals
taken at a distance of 400 m using a single laser pulse, illustrating that minute changes
in the molecular makeup can be distinguished via SRS even with a relatively low
resolution Ocean Optics USB2000 spectrometer with a spectral resolution of only
40 ecm™!. (C) The detected intensity from BaSO, as a function of distance from
the sample the adjusted data is corrected for both mirror reflections and clipping
losses. The error bars represent the standard deviation of the 50 shot data set
taken at each distance. (D) Distribution of the peak value of the stimulated Raman
spectra fit using Gaussian statistics, illustrating that nearly identical chemicals are
still distinguishable.

88



is emitted isotropically due to multiple elastic scattering. It is demonstrated that
this leads to a signal that is dependent on the inverse square of the distance from the
sample. However, the random Raman lasing process produces a very bright emission
(see Fig. 8.1). This ultra-bright signal makes long-distance, single-shot identification
of materials possible. Additionally, we show that the random Raman lasing process
is robust against the kind of wavefront degradation that can be introduced from

atmospheric effects.
8.2 Results

Typical single-shot SRS spectra, taken at the maximum 400-m distance allowed
by our setup, are shown for four chemically similar compounds in Fig. 8.2. The
spectral resolution of the spectrometer available for those measurements (USB2000;

Ocean Optics, Inc.) was limited by the 200 um slit to be 40 cm™*.

These spectra
illustrate two very important aspects of the proposed new approach: first, there is
sufficient signal to allow the detection to be made at much longer distances, and
second, similar chemical compounds can be identified using only the single Raman
line that appears in SRS spectra. The latter point is somewhat masked by the
poor spectral resolution of the spectrometer. However, a major motivation for this
demonstration was to achieve robust remote chemical sensing using a very moderate
budget. If a higher-resolution spectrometer with a more sensitive and less noisy array
detector were used, 100% specificity of chemical identification would be possible at
much greater distances. To demonstrate that it is possible to uniquely identify the
chemicals based on only a single pixel difference, Fig. 8.2 shows the distribution of
the wavenumbers corresponding to the maximum value of the SRS peak over many

shots fit using Gaussian statistics. The spectral position of a Raman peak changes

very little from shot to shot, i.e. less than the spectral resolution provided by a
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Figure 8.3: (A) Experimental beam profile of our laser at the surface of the sample,
referred to as “good beam”. (B) Experimental beam profile of our laser at the
surface of the sample once a mask was placed in its path, referred to as “distorted
beam”. (C) Simulated Gaussian “good beam” used in the Monte Carlo simulations.
(D) Simulated Laguerre-Gauss TEM; 3 “distorted beam” used in the Monte Carlo
simulations. (E) Efficiency plot generated by Monte Carlo simulations showing how
beam quality affects the threshold dynamics of random Raman lasing compared to
SRS in non-scattering environments.

single pixel on the spectrometer (about 11 ecm™! at these wavelengths). Thus, any
variation in this peak value from shot to shot must be due to noise in the CCD, which
is Gaussian in nature. By fitting the distribution of the SRS peaks to a Gaussian
distribution, chemical identification can be obtained with a degree of confidence
determined by the Welch t-test [159]. Due to their similar SRS spectra, the most
difficult chemicals to distinguish were ammonium nitrate (NH4NOj3) and sodium
nitrate (NaNQOj3); however, the spectra for these powders were statistically different
with a two-tailed probability of 0.9999998. Thus, it is possible to distinguish very
similar chemicals with a high degree of certainty even when the peaks differ by less
than the resolution of the spectrometer by simply comparing the two distributions

of the peak heights.
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Due to the multiple elastic scattering dynamics present in the powder, the gen-
erated Raman light is emitted largely isotropically. This leads to an inverse square
dependence of the signal on the distance from the sample. Using this and correcting
for the losses incurred by mirror clipping and imperfect reflections in our setup, the
signal level which we were able to detect at 400 m corresponds to a straight light
distance of more than a kilometer.

Nonlinear processes are highly dependent on the local intensity of the light. In a
non-scattering environment this leads to a strong dependence of the output intensity
on the beam quality of the pump pulse. This presents a substantial problem when
considering remote detection schemes where the pump beam must propagate over
long distances. Not only do these long propagation distances make it difficult to form
a tight focus due to the diffraction limit, but processes such as scintillation greatly
degrade the beam quality over these distances. Scintillation is an effect caused by
small variations in the refractive index due to small temperature fluctuations in the
air, this leads to a time-dependent spatial modulation of the pump pulse. Thus,
it is very important that a viable remote-sensing technique is relatively insensitive
to beam quality fluctuations. To generate a “distorted beam” experimentally, the
beam was passed through a metal mesh before it was focused onto the sample. In
barium sulfate (BaSO,4) powder the “distorted beam” exhibited a 28% increase in
the energy required to achieve random Raman lasing. This is quite small compared
to the 51% increase in the Raman lasing threshold observed in a 4-cm quartz cell
filled with dimethyl sulfoxide (DMSO). This observation was confirmed theoretically
using a previously developed Monte Carlo model [15,65] in which we simulated the
nonlinear propagation of a Gaussian (TEM ) beam and compared it with a TEMj3 ;
as an oversimplified representation of the “distorted beam”. This oversimplified

representation will not quantitatively line up directly with the experiment, however,
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it will provide a good qualitative analogue. In this simulation the SRS threshold
was seen to increase by 85% in BaSO, and 131% in DMSO. Fig. 8.3 illustrates that
random Raman lasing is much more robust against poor beam quality than ordinary

SRS in a non-scattering medium.
8.3 Materials and Methods

Two laser systems were used for these experiments. The majority of the work was
done using the 532-nm radiation generated by means of the second harmonic conver-
sion of the 1064-nm produced by a Quanta-Ray GCR-3RA (Spectra Physics, Inc.).
The GCR-3RA was injection seeded with a 10-ps pulse generated by a Vangaurd
HM532 laser (Spectra Physics, Inc.). At the output, as much as 20 mJ of energy was
available at 532-nm in a 50-ps pulse. The second system was a GCR-130 (Spectra
Physics, Inc.) that was capable of producing 250 mJ, 8 ns pulses at 532 nm. A
half-wave plate followed by a polarizing beam splitter was used to control the pump
power, allowing for intensity adjustment without affecting beam quality. The pump
was focused over a distance of 8.5 m onto the sample using a slightly offset 1.5x
telescope constructed from a —10.0 cm focal length plano-concave lens followed by a
15.0 cm focal length plano-convex lens. The pump source was directed to the powder
sample which was packed into a plastic dish with a diameter of 1.0 cm. The Fresnel
reflections from a 0.16-cm thick BK7 window, placed at 45°, were coupled into an
energy meter (J4-09; Coherent, Inc.) and used as a reference signal to measure the
pump power.

In order to obtain a substantial optical path length in the lab, optical tables were
set up at each end of the lab separated by a distance of 26.9 m. Seven broadband
dielectric mirrors and metallic mirrors ranging in size from 5.08 cm diameter to

30.5 cm x 30.5 cm were placed on each table. The first of these mirrors was placed
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22.2 m from the sample. The system of relay mirrors was aligned as to allow for 13
bounces of the Raman signal, each 26.9 m in distance. A 30.5 cm x 30.5 cm pick-off
mirror was placed on a third optical table located a distance of 21.3 m from the final
relay mirror. Finally, a 20.3-cm off-axis parabolic mirror with a focal length of 0.25 m
was placed at a distance of 4.18 m from the pick-off mirror, resulting in a total optical
path length from sample to primary collection optic of 397.4 m. The collected light
from the 20.3-cm off-axis parabolic mirror was focused into the 200-pm entrance slit
of a spectrometer (USB2000; Ocean Optics, Inc.). A 5.08-cm diameter 19.3-cm focal
length achromatic doublet was placed near the focus of the parabolic mirror to help
further couple the beam onto to slit. A 532-nm notch filter (Thorlabs, Inc.) was used
to reject the remaining pump light before the spectrometer. Alignment was achieved
with the use of a He-Ne laser that was directed down the same optical path as the
pump source. To avoid stray light collection due to extraneous reflections off any of
the relay mirrors in the system, each mirror was individually blocked prior to each
measurement to verify that the alignment system did not support any other optical
paths. This setup is shown in Fig. 8.4.

The inverse-square dependence of the intensity was measured using the same
optical system described above with the spectrometer replaced by an energy meter
(J3S-05; Coherent, Inc.). Barium sulfate powder (Sigma-Aldrich, Inc.) was used
as the sample for these measurements. To alter the optical path length between
the sample and the final collection optic, a mirror was removed from each of the
optical tables. This resulted in a decrease in detection distance by 53.8 m for each
set of mirrors removed. Mirror reflectivity was taken into account by assuming the
metallic mirrors each had a reflectivity of 0.9 and the broadband dielectric mirrors
had a reflectivity of 0.99. Clipping was calculated by finding the limiting aperture and

calculating the percentage of the light cone that was reflected. For this calculation it
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was assumed that only 90% of the diameter of the mirror was useful for reflecting the
signal. It is important to note that the output light from the random Raman laser
persists only for hundreds of picoseconds to a few nanoseconds, thus it would possible
to time gate the detector to minimize the effects of the sun and other ambient light.

The spontaneous Raman spectra were collected using a custom-built Raman
microscope. A 140-mW, 473-nm continuous-wave diode-pumped solid-state laser
(DHOM-M-473-100; UltraLasers, Inc.) was used as the excitation source. The re-
flection off a dichroic mirror (LM01-480-25; Semrock, Inc.) was directed into a mi-
croscope objective (MPlan 20x/0.4NA; Olympus, Inc.). The Raman scattered light
was collected by the same objective, and passed through the dichroic and a long-pass
filter (Semrock BLP01-473R-25) before being imaged onto the 10-um entrance slit
of an 1/3-meter spectrometer (Acton, Inc.). For each sample, 30 averages were col-
lected at two separate locations in the sample. Integration times varied from powder
to powder, but all other acquisition parameters remained the same. The fluorescence
background was removed from the spectra using a modified polyfit method with 250
integrations and a 5th-order polynomial [160].

The dependence of SRS on beam quality is often overlooked in laboratory exper-
iments as most lasers output high-quality nearly Gaussian beams. However, as these
beams propagate through air their beam quality degrades due to small variations in
the refractive index, a process known as scintillation. To demonstrate that random
Raman lasing is robust against poor beam quality we compared it to the generation
of an SRS signal in a 1.0 cm x 4.0 cm cuvette filled with dimethyl sulfoxide (DMSO).
We denote the “good” beam as the beam which we used for all the experiments.
To generate a “distorted” beam several metal wires were placed in the beam path
before it was focused down toward the target. The energy threshold was measured

as the point when signal first becomes visible to the naked eye. In DMSO the “good”
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beam had a threshold pulse energy of 0.680 4 0.048 mJ while the “distorted” beam
passed through threshold at 1.03 4+ 0.072 mJ, an increase in the threshold by 51%.
In BaSOy4 the “good” beam began to lase at 2.98 + 0.21 mJ while the “distorted”
beam required 3.80 & 0.27 mJ, which is only a 28% increase compared to the “good”
beam. Thus, while some effect on beam quality can be seen, the effect is relatively
minor compared to traditional SRS generation.

To further understand the dependence of random Raman lasing on beam qual-
ity we made use of a Monte Carlo model very similar to previously developed
models [25,26]. For the “good” beam we chose a pure Gaussian beam, while the
“distorted” beam was modeled using a Laguerre-Gauss TEM; 3 mode. To simulate
DMSO we used a 0.0125 cm thick piece of glass followed by 4.0 cm of DMSO with an
additional 0.0125 c¢m thick piece of glass. The glass was used to simulate the effects
of the cuvette. The medium was taken to be infinite in the transverse directions.
The glass was given an index of refraction, ng.ss = 1.5, and an absorption coefficient,
e = 0.3 cm™. The DMSO was given an index of refraction, npuso = 1.479, and an
absorption coefficient, p, = 0.3 cm™!. The BaSO, was assumed to be 1.0 cm thick
and was given an index of refraction, ng,so, = 1.6, a scattering anisotropy factor,

1

g = (cos(d)) = 0.6, and a scattering coefficient of sz = 10.0 em~'. Both materials

were given the exact same Raman characteristics which are described by two pa-

rameters in the simulation: first, a Raman coefficient of ur = og N = 0.001 cm™!

and second, a Raman gain coefficient psgrg = 107° cm?

. The physical meaning of
the Raman coefficient is quite analogous to that of u, and p, in that 1/ug is the
mean distance a pump photon travels before it undergoes Raman scattering. It is
analogous to say that spontaneous Raman scattering is linear, thus it too will follow

Beer’s law. This coefficient must be taken artificially large due to computational

constraints, and is explained and justified more fully in Refs. [26,28]. The Raman
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gain coefficient is a measure of how strong the stimulated effect is. This enters into
the simulation by assigning a probability of a pump photon converting to a Raman
photon of p = 1 — exp(—pusrs psrs 0r) where or is a small radius around the pump
photon, and pggrs is the local Raman photon density.

In order to simulate the TEMj3; beam we must first solve, then invert the following

equation for y:

/ “pla)de =€, (8.1)

where a represents the minimum value of the distribution, ¢ is a uniformly distributed
random number between 0 and 1, and p(x) is the probability distribution function.
To create a method that can simulate not only TEMj; distributions but other dis-
tributions as well, we chose to handle this numerically. To accomplish this, we make
use of the well known Simpson’s method for the integration and Brent’s method for

the subsequent inversion.
8.4 Conclusion

A new method for chemically specific remote identification of powders has been
demonstrated using the random Raman lasing mechanism. Chemical identification of
several similar chemical species was shown at an effective distance of over a kilometer
using an inexpensive setup (we estimate the overall cost to be of the order of $25, 000).
The random Raman lasing process that facilitates these signals has been proven,
through both experiment and Monte Carlo simulation, to be robust against the
poor beam quality that is likely to occur when propagating a laser beam over long
distances. The ability to remotely detect chemicals in real time at large distances
opens the door to a variety of applications ranging from explosives monitoring and
detection to monitoring nitrate levels for smart agriculture. Future studies will be

required to address the chemical sensitivity of these methods and if non-homogeneous
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samples will be able to sustain lasing on multiple lines, or if the dominant species

will be the only Raman line observed.
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Figure 8.4: (A) To-scale drawing of the experimental setup. For reference the large
optical tables are 12 ft in length, and the total path length of the sample beam from
sample to the primary collection optic is 397.4 m. (B) Close-up view of the mirrors
on the left end table. (C) Close-up view of the mirrors on the right end table. (D)
Zoomed-in view of the preparation of the pump beam. The beam is focused onto
the sample a distance of 8.5 m away from the slightly offset 1.5x telescope. (E)
Close-up view of the detection scheme. The light is focused with a 2.54-m off-axis
parabolic mirror onto the slits of an OceanOptics USB2000 spectrometer. A 19.3-cm
achromatic doublet was used to further focus the signal onto the spectrometer.
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9. IMAGING WITH RANDOM RAMAN LASING

9.1 Introduction

One of the biggest limitations of optical microscopy techniques for biological ap-
plications is speed. Laser based microscopy techniques including Raman [25, 74,75,
101,103,156,161-164], and fluorescence [72,73,165,166] are limited to scanning pixel
by pixel due to the speckle pattern of the laser caused by the large spatial coherence.
To acquire high-resolution, megapixel-scale images at video rate (30 frames per sec-
ond) one needs to have a pixel acquisition time of less than 33 ns. While laser sources
with repetition rates in excess of this are readily available often times the signal level,
detection equipment, and scanning rates of the laser cannot achieve sufficient speeds.
Thus, to obtain real-time, dynamic information about the sample using a laser-based
microscopy technique one must sacrifice resolution, signal to noise, field of view, or
all of the above.

Traditionally, the way around the issue of speckle is to use an incoherent light
source such as an arc lamp [167] or light emitting diodes (LEDs) [168] to do full-
frame microscopy. However, such sources lack sufficient spectral radiance for Raman
spectroscopy, and lack the temporal peak power to be used for any nonlinear optical
effects. More recently, random lasing emission and highly multi-mode chaotic cavity
lasers have been shown to provide light that is both bright and speckle free [42],
but they are still broadband (typically 10’s of nanometers). That is, there is no
existing light source capable of producing narrowband, nanosecond-duration, speckle-
free light. Random lasing via a narrowband Raman transition, known as random
Raman lasing (RRL) [17,45,86,114], provides a bright emission which is narrowband

and has low spatial coherence.
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Random lasing can be simply thought of as a laser in which feedback is provided
by elastic scattering from a powder instead of the mirrors of a Fabry-Pérot [2]. Similar
to traditional lasers, random lasers also have modes; however, random lasing modes
are not as simple as transverse and longitudinal modes, and are usually more coupled
than they would in a typical laser cavity [33]. Random lasers, or other highly multi-
mode lasers, offer the unique combination of laser-like brightness, but extremely low
coherence [27,34,38,169]. This makes them an ideal source for imaging applica-
tions [42,43]. Random Raman lasers [65,85,86], where stimulated Raman scattering
(SRS) is used as the gain mechanism, is a new source with some unique features
that make it an attractive imaging source in its own right [132]. Random Raman
lasers have the unique advantage that the lasing medium does not need to be highly
absorbing at the pump wavelength, in fact the opposite is true. The low absorption
at the pump wavelength allows significantly higher power pump laser pulses to be
used. With a similar conversion efficiency to other random lasers, the higher pulse
energy translates into a much brighter emission that has been shown to be bright
enough to observe from kilometers away [45]. Furthermore, random Raman lasers
have a very narrow bandwidth, 0.1 nm is typical. This unique property could open
the door to new imaging techniques, because bright, narrowband, speckle-free light
sources do not presently exist. Fig. 9.1 quantifies this statement. When compared to
other low-coherence light sources, in terms of the power useful to imaging, random
Raman lasing emission is orders of magnitude brighter, 10,000 times brighter than
the commonly used mercury arc lamp for a process with an excitation bandwidth
of about 10 nm, such as fluorescence microscopy. This increased brightness directly
allows for faster dynamics, and weaker contrast modalities like Raman spectroscopy,
to become feasible. Furthermore, random Raman lasing can be achieved at a wide

range of wavelengths simply by changing the wavelength of the pump laser.
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Figure 9.1: Comparison of the useful brightness of various low-spatial coherence light
sources compared to the excitation bandwidth of the imaging process. For example,
typical fluorescence imaging has a characteristic excitation bandwidth on the order
of 10 nm. Useful peak power is defined as the peak power achieved in the specified
bandwidth at the optimum wavelength for that light source.

Here, random Raman lasing emission will be evaluated for use as a bright low
spatial coherence light source for microscopy. We will demonstrate proof of principle
results using random Raman lasing emission as a light source by using it as a strobe
light source to elucidate nanosecond dynamics in laser induced breakdown in water.
Understanding the mechanical effects of laser induced breakdown in water has im-
portant consequences in laser surgery [170]. Often times, the shock-wave resulting
from the breakdown leads to secondary damage and reduces the resolution of the
procedure [171]. Additionally, we will discuss the spatial coherence properties of the

random Raman lasing emission and compare it to other sources.
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Figure 9.2: Double-slit diffraction pattern generated by (A) random Raman laser
emission, (B) elastically scattered 532 nm pump, and (C) Helium-Neon laser.

9.2 Results and Discussion

To more fully explore the spatial coherence properties of RRL emission we have
preformed a Young’s double-slit experiment illuminated with three different light
sources, RRL emission, elastically scattered 532 nm radiation from the pump laser,
and a Helium-Neon laser for reference. In this experiment the RRL was pumped with
a 50-ps pulse from a Spectra Physics Quanta-Ray GCR-3RA. The pulses had a pulse
energy of 530 uJ and were gently focused to a beam diameter of 0.83 mm on the
surface of the powder corresponding to an intensity approximately three times larger
than the threshold required for random Raman lasing. The surface of the BaSO,
powder was imaged to the double-slit with 10x magnification in a 4-f arrangement.
The two slits were 100 pum wide and separated by 350 pum. Following the slit a
cylindrical lens was used to image the vertical direction onto the CCD with unit
magnification. Thus, this setup effectively probes the spatial coherence of two 10 pym
thick lines on the surface of the powder separated by 35 um. For the elastically
scattered pump the laser was attenuated to well below the lasing threshold to avoid
artifacts stemming from pump depletion. The Helium-Neon laser was obtained with

the same lens arrangement to allow direct comparison.
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The results of the double-slit experiment are shown in Fig. 9.2. They clearly show
that while a small amount of spatial coherence persist in the RRL emission it is much
less pronounced than even that of the elastically scattered pump radiation. This
result can be understood most easily by thinking about it in terms of speckle patterns.
If a single-spatial-mode laser is passed through a diffuser it will generate a speckle
pattern, but if this diffuser is rotated these speckle patters will average out over time
to provide a uniform illumination. Each one of these speckle patterns can be thought
of as a single mode of the laser diffuser system. In a highly-multimode random
laser, including the random Raman laser, each spatial mode of the laser generates
a different speckle pattern for a given diffuser (elastic scattering in a random laser).
These many speckle patterns average over all to provide a low-coherence source. It
should be noted that the spatial coherence properties of the random Raman laser
emission showed no noticeable dependence on the pump laser power, suggesting that
the random Raman laser is operating in a regime where the number of lasing modes
is roughly saturated.

In order to assess the degree of spatial coherence of the random Raman laser

emission, we measure the speckle contrast [139]. The speckle contrast is defined to

be

€= (9.1)

where (I) is the average value of the intensity and o is the standard deviation.
To measure the speckle contrast of the light, we first pass it through a 2 m long
600 pum fiber. The light from the fiber is left uncollimated and was allowed to
overfill the array of a 16-bit CCD (Orca-ER; Hamamatsu), and the CCD was placed
sufficiently far from the fiber so that the speckle grain size is significantly larger

than the pixel size of the CCD. To demonstrate the capabilities of the setup and
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provide a basis to compare the random Raman lasing emission we used a helium
neon laser as a highly coherent source, and a halogen light as a low-coherence source.
The resulting images and speckle contrast are shown in Fig. 9.3. To measure the
speckle contrast we have chosen a 400x400 region of the CCD that was clear of
debris and subdivided that into 25 80x80 sub-regions. The speckle contrast of each
sub region is computed independently by first subtracting a pedestal to reduce the
effect of the CCD dark counts on the calculation then computing the average and
standard deviation [140, 141]. This helps minimize any effects due to non-uniform
illumination of the array. Multiple images were taken. Those used in the calculations
for the random Raman lasing and halogen light source were selected by rejecting any
images with saturated pixels and requiring the average counts per pixel to be greater
than 20,000. This minimizes the effect of noise due to the CCD while ensuring that
saturation is not occurring. For the Helium-Neon (HeNe) images, the requirement on
average pixel count was not enforced, but the laser power was adjusted to maximize
the dynamic range of the detector without saturation. All together, 21 images were
used for the HeNe calculations, 28 images for the random Raman lasing emission,
and 101 images for the white light. All 25 sub-regions from each image were pooled
together and averaged. The errors quoted in the figure are the standard deviation of
these averages.

There is still a small, but measurable amount of spatial coherence present in the
random Raman laser emission. In practice, this is a tolerable amount of speckle for
the vast majority of imaging applications, and with a better understanding of the
fundamental processes that give rise to this emission this can likely be improved.
Furthermore, the random Raman laser has the peculiar property of producing a
unique speckle pattern with each laser pulse, allowing the speckle contrast to be

reduced by averaging over multiple pulses. The speckle patterns formed from 4

104



Figure 9.3: Speckle contrast of random Raman laser emission compared to highly
coherent and highly incoherent sources.

consecutive laser pulses are shown in Fig. 9.4. This effect is not observed in other
random lasers in powder. This could be indicative that the powder is moving slightly
from shot to shot, or could be the result of more interesting dynamics of the lasing
process itself. Either way, further experiments are needed to explore the mechanism
responsible, but the resulting effect is beneficial for imaging applications.

In addition to strobe photography applications, RRL emission could have ap-
plications as an spatially-incoherent source for spectroscopy. Fig. 9.5 shows the
spontaneous Raman spectrum for BaSO, has a spontaneous emission bandwidth of
8 cm~! for the strongest Raman line. This linewidth convoluted with the pump laser
spectrum (in this case it is sufficiently narrow that it can be neglected) provides the
maximum possible bandwidth of the RRL much like the spontaneous emission band-
width would determine the maximum gain bandwidth of a laser. Additionally, the
RRL emission spectrum is shown to illustrate the lack of the weaker Raman peaks
seen in the spontaneous spectrum. The wider width of the RRL emission spectrum
here is due to the fact that a lower resolution spectrometer was used to acquire this

data. Thus the width of this feature is determined solely by the resolution of the
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Figure 9.4: Four consecutive pulses out of the random Raman laser, illustrating that
a new speckle is generated with each shot. The images have been scaled to maximize
the contrast to highlight the faint speckle grains.
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Figure 9.5: (A) Linewidth of the spontaneous Raman spectrum for BaSO4. The
Lorentzian fit give the full-width at half-maximum width to be 8 cm™! (0.25 nm at
562 nm). (B) Spectrum of RRL emission. Note that this data set was taken with a
lower-resolution spectrometer such that the width of this peak is determined by the
resolution of that spectrometer and not by the emission.

spectrometer and not by the RRL emission. The narrow RRL linewidth would be
sufficient for full-field Raman spectroscopy. Given the speckle-free nature combined
with the narrow line-width of the RRL emission it would in principle be possible to
acquire an entire Raman spectral image in a single laser shot. Even if many shots
are required to obtain the required signal to noise this would likely still far exceed
the speed at which current imaging Raman microscopes can obtain spectroscopic
images. The obvious limitation for such a technique is the lack of a spectrometer
capable of detecting a Raman spectrum from each point in a 2-dimensional array.
Currently, no such detector exists; however, recent advances in compressive sensing
offer hope in this area [172].

To image laser induced breakdown in water the setup pictured schematically in
Fig. 9.6 was used. A picosecond seeded Nd:YAG regenerative amplifier (Quanta-Ray

GCR-3RA; Spectra Physics) generated 50-ps pulses at a repetition rate of 10-Hz.
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The residual 1064-nm light from the doubling process was split off and focused into
a cuvette containing water using a 10x long working distance microscope objective
(Mitutoyo). The power of the 1064 was adjusted using neutral density filters to
get a pulse energy of 70 uJ. The 532-nm pulse out of the laser was sent through a
delay stage and reflected off a longpass dichroic beamsplitter (Di02-R532; Semrock)
prior to being focused onto barium sulfate powder (ReagentPlus; Sigma-Aldrich)
that was lightly packed into a 1-cm diameter, 1-cm deep container. Before being
focused onto the powder, the 532-nm pulse energy was 1.7 mJ. The sample was
placed in front of the focal plane so that the beam on the surface of the powder was
approximately 1-mm in diameter. The resulting random Raman lasing emission was
transmitted through the dichroic beam-splitter and residual 532-nm light was further
attenuated by an additional 6 OD notch filter (NF533-17; ThorLabs). The random
Raman laser emission was then used to illuminate the laser induced breakdown as
shown in Fig. 9.6B. The laser induced breakdown was imaged to a CCD (Orca-100;
Hamamatsu) using an identical 10x microscope objective and a 500 mm focal length
lens for a total magnification of 25x. A 560 nm bandpass filter was used to reject
any plasma emission or higher order random Raman emission lines [114].

The acquired images are shown in Fig. 9.7. To acquire images at different times,
the delay stage was translated. Time zero corresponds to when the breakdown pulse
and random Raman laser imaging pulse arrive at the same time. The images were
scaled to maximize the contrast but no further image processing was done. The
resulting shock wave can be clearly seen moving out from the initial breakdown
event as time progresses. There is slight non-uniformity in the illumination, but this
could be corrected for through background subtraction or passing the illumination
through a multi-mode fiber and imaging the tip of the fiber through the system.

In addition to exhibiting exceptional brightness and nearly speckle-free behav-

108



A BaSO

Camera

RRL Emission
‘ ‘ ‘ Dichroic Delay Stage
Filter

Figure 9.6: Schematic diagram of the experimental setup.
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Figure 9.7: Images of laser induced breakdown in water using random Raman lasing
emission as the strobe. The images have been scaled to maximize the contrast, but
no other image processing was done.

ior, random Raman laser emission has the advantage that the wavelength can be
changed relatively simply. In our present setup, the emission undergoes a 985 cm ™!
Raman shift due to barium sulfate from the 532 nm pump light, resulting in funda-
mental emission at 562 nm. However, random Raman lasing is capable of producing
bright higher order effects that lead to additional emission at 595 nm, and even
632 nm [114]. Another method to acquire different color emission would be to use
a different pump wavelength. This could have tremendous applications to fluores-

cence microscopy where the illumination pulse could be optimized to maximize the

fluorescence emission.
9.3 Conclusion

We have shown that random Raman laser emission is a unique source of light.
It can be made very bright (a few percent of the pump energy), it is sufficiently

1

narrowband for spectroscopic applications with a linewidth of at most 8 ecm™", and,

most importantly, it is sufficiently spatially incoherent such that speckle free full-
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frame images can be obtained. If you compare random Raman lasing emission with
other low-coherence light sources, the advantage is clear. The random Raman laser
is capable of delivering 10,000 times the useful peak power of mercury arc lamps
for fluorescence imaging. This will open up a window to study faster dynamics and
potentially new applications using weaker, but more chemically specific modalities
such as Raman spectroscopy. The random Raman laser light source has the potential
to Finally, we demonstrate proof of principle images of laser induced breakdown in

water illuminated by random Raman laser emission.
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10. CONCLUSION

The effect of the elastic scattering of light on nonlinear interactions yields man
interesting effects. While conventional wisdom states that diffusion spreads out light
intensity, making it difficult to obtain the high intensities required for nonlinear
interactions, this view completely changes on time scales short compared to diffusion.
In this regime, the fact that the speed of diffusion is slow compared to the speed of
light results in the light being trapped near the surface, forming a transient region
of high intensity and allowing nonlinear effects to flourish.

We started by demonstrating that the effects of scattering can be leveraged to
enhance linear optical effects through the increased path length the photons take
along their random walk through the turbid media. Following that, we outlined
the theoretical predictions for the existence of random Raman lasing in a three-
dimensional bulk powder and outlining the first steps towards building in nonlinear
optical effects into Monte Carlo simulations. Then we discussed the experimental
realization of this new physical system, random Raman lasing, as the first three-
dimensional random laser based on stimulated Raman gain. Following that, we
discussed in detail our nonlinear Monte Carlo model which demonstrated that by
assigning what amounts to an interaction between photon packets, we can accurately
describe nonlinear optical effects. Furthermore, we can use this model to explain the
existence of cascaded higher-order stimulated Raman scattering effects present in
random Raman lasing systems. Finally, we discuss several experimentally measured
properties of random Raman lasing that cannot be explained through our Monte
Carlo model and propose that these discrepancies could be the result of the presence

of Anderson localization. If this interpretation is proven true, it would make random
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Raman lasing a fantastic system for probing the effects of wave interference on turbid
systems with gain.

In addition to outlining the discovery, theoretical model, and fundamental prop-
erties of random Raman lasing, we outline a few exciting potential applications of
random Raman lasers. First, due to the incredibly bright, chemically specific emis-
sion from random Raman lasers, we demonstrated their use in remote sensing. Single
shot detection was measured in the lab at a distance of 400 m, but extrapolating our
signal to noise to straight line distances in the atmosphere, it would likely be possible
to identify a chemical in a single shot, from 10 km away. Additionally, due to the low
spatial coherence of the emission, random Raman lasers make an ideal light source
for imaging. The short pulse, narrow-band nature of the light source, gives rise to
a light source that is 10,000 times more bright than traditionally used light sources,
and a full order of magnitude brighter than the brightest proposed light source.

To conclude, we have presented the discovery of random Raman lasing, outlined
many of its fundamental properties, and finally, demonstrated many exciting appli-

cations.
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