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B mouckax BBICOKOW TOYHOCTH M NMPAKTHUECKOW pean3alliy BbBIYUCIIUTENIbHAs ONTHKA HC-
MOJIb3YET HECKOJBKO METOJIOB MOJEIMPOBAHMS, TAKHE KaK METOJbl, OCHOBAaHHbIE HA ypaBHE-
HUsAX MakcBesia, METOJ] TPaCCUPOBKH JIydel, MeTo bl oNTHKU Dyphe U T. 1. Kaxaplil u3 atux
METOJIOB MMEET CBOM MPEUMYLIECTBA, HEJOCTATKU U OrpaHUYEHUs MPUMEHUMOCTH. B aToit
CTaThe MBI OITMCHIBAEM OTCIeXuBaHUE (HOTOHOB MeTooM MoHTe-Kapio kak Meroma Moenu-
pOBaHHUS B BBIYHCIUTENBHON onTrke. OOOCHOBAHHOCTH OCHOBHEIX JOMYIICHHH B HCIIONB3ye-
MOM METOJIe MOJIEIMPOBAHUS MPOACMOHCTPUPOBaHa Ha mpuMepax. OOCyKIaroTcs orpaHIYe-
HUSI IPUMEHUMOCTH METO/1a.

Kirouesrble ciioBa: potoH, MeTon Monre-Kapiio, onTudeckue mosisi, CAMYJISIHOHHAS MOJCTb

In search of high accuracy and convenient implementation, computational optics uses several
modeling techniques such as Maxwell’s equations-based methods, ray-tracing method, Fourier
optics methods and many others. Each with its advantages, disadvantages, and applicability
caveats. In this paper, we describe Monte Carlo photon tracing as a simulation technique for
computational optics. The validity of the main assumptions in the simulation method is dem-
onstrated with examples, and limitations of method’s applicability are discussed.
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I. Introduction

Advances in the field of applied science ranging
from microorganisms to astronomical studies occur
due to, along with many other factors, the availability
of accurate and user-friendly models. Indeed, today’s
computing capabilities to understand and solve com-
plex problems have become essential in scientific re-
search and economics, military, and social science
[1]. It is reasonable to assume that the first step in the
emergence of new technology, be it a medical
diagnostic tool or scientific equipment, starts with
modeling physical processes. For that matter, devel-
oping convenient, cost-effective and accurate model-
ing methods is considered a critical and high-yielding
study. In the literature, it is accepted that there are
two families of models: scientific (mathematical) and

statistical. Scientific models are presumably accurate
because they are usually derived from fundamental
equations such as Maxwell and Schrédinger. In prac-
tice, however, scientific models make use of several
approximations to achieve closed-form formulation
or solvability [2],resulting in degraded accuracy. Sta-
tistical models rely in part on randomness (statistical
laws) to determine a “highly probable outcome” at
the expense of less precision. A famous example of
using a statistical model is estimating the likelihood
that the chain reaction required for an atomic bomb
would work successfully. Problems and issues dis-
cussed in this manuscript relate to the latter.
Maxwell’s equations (MEs) are the starting point
in developing any formulation and model in optics
and photonics [3]. MEs-based methods deserve high
praise for their mathematical rigor, scientific
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elegance, and accuracy. For example, models built on
solutions of MEs by finite-difference time-domain
method [4] theoretically can be applied to any sys-
tem. However, despite the fact that these methods
have been around for more than four decades, they
did not find widespread utility in optics and photon-
ics. One possible explanation is that complexity of a
system makes it conceptually and computationally
too tricky. That is, the adaptation of system parame-
ters into a model becomes impractical, requiring extra
effort. On the contrary, methods like ray tracing of
geometrical optics, despite apparent limitations, are
used by the majority in optical engineering due to
their simplicity and intuitiveness. Several ready-to-
use ray-tracing-based software packages (such as
LASCAD and ZEMAX) have been offered and wide-
ly used commercially. However, ray tracing methods
are inapplicable for modeling optical systems go-
verned by the principles of wave and electromagnetic
optics [5].

Thus, on the one hand, we have mathematically
rigorous methods based on MEs, which are not easy
to apply to complex optical systems. On the other
hand, quickly implementable methods, such as ray
tracing, are applicable only in geometric optics. The
Monte-Carlo photon tracing (MCPT) technique was
developed as an alternative to the ray-tracing method.
Previously, MCPT was successfully used to design
and optimize solar pumped lasers [6-8]. MCPT de-
tails are scattered on several papers. However, the
full model description of MCPT has not been given
so far. Therefore, we describe Monte Carlo photon
tracing, demonstrating each step in detail. Before eve-
rything, the photon concept must be stressed that we
are not considering the quantum photon with its dual-
ity properties. We consider that the optical field con-
sists of point-like entities with distinguishing physical
properties, called photons in the text.

II. Photon tracing

In general, model hardware in optics consists of
an illumination source to generate an optical field, an
optical system with which the field interacts, and a de-
tector where the field is registered.

An optical field generated by any source is de-
scribed mainly by its spatial, temporal, and spectral
characteristics. In addition, the optical field has direc-
tivity, coherence, and polarization properties, al-
though these properties are all interrelated. Here, we
present a basic formulation of how some of these
properties are adapted into a model by MCPT.
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Spatially-dependent  characteristics.  Optical
fields generated from illumination sources have com-
plex spatial features from sunlight to structured opti-
cal fields [9]. A common approach for coping with
complex beams is decomposing the optical field into
elementary entities like rays or plane waves [10]. Fol-
lowing this methodology, MCPT views an optical
field as the sum of particles and can be called photons
with specified spatial coordinates. An underlying rea-
son for the photons assumption will become clear
later in the text.

Since our previous studies were only concerned
with solar photons, MCPT models so far could con-
sider directionality and spectral characteristics. For
the case of solar radiation, the decomposition of the
illumination source is straightforward because, at the
observation plane (or starting point of a model), solar
photons have the same directionality property and
uniform intensity distribution. In other cases, how-
ever, the situation is different. As an example, con-
sider a Gaussian beam, the propagation of which is
plotted in Fig. 1 using the following complex ampli-
tude equation [5]:

E)=E gy P e _jkz - jk p’ +j&(2)
"W(z) pWz(z)p 2R(2)

)]

where W, =,/Az,/m is the beam  waist,

W (2)=W,1+(z/2,)" and R(2)=2[1+(z/2,))]
are measures of the beam width and wavefront radius

of curvature, £(z) is phase retardation.

From Fig. 1, it is noticeable that as the Gaussian
beam propagates, its intensity profile radially spreads.

Gaussian beam profile
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Figure 1. Gaussian beam.

To account for the spatial variance of the Gaus-
sian beam profile in the context of MCPT, the inten-
sity distribution at the waist can be used as a prob-
ability density function to draw sample photons with
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specified coordinates. This assumption is justified be-
cause the intensity is related to the population of pho-
tons in a given volume, that is, the irradiance is line-
arly proportional to the number of photons per unit

volume, | =(n/V)hc* /& .

The divergence cone with a maximum angle
0=A/(mW,) can be used to determine the directions
of initialized photons. By considering the parameters
used in plotting the Gaussian beam profile in Fig. 1,
we simulated the propagation of the Gaussian beam,
decomposing it into photons, as depicted in Fig. 2.

Propogation of Gaussian beam by MCPT
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Figure 2. Simulation of Gaussian beam propagation via
MCPT.

These two graphs show good agreementbesides
minor smoothness, demonstrating representative
power of the photons expansion method. In this man-
ner, the decomposition of an arbitrarily shaped opti-
cal beam into photons is easily achievable using the
beam parameters. In addition, the ray-based approach
methods pioneered by Miguel A. Alonso and his col-
leagues to construct structured optical beams [11-13]
can be adapted.

Spectral characteristics. In a similar way to the
spatial case, the optical spectrum S(A) of a source
serves as a probability density function for determin-
ing the wavelength of photons. The wavelength is
considered as a random variable with non-uniform
probability density defined as

S0
f)=——, 6)
[sou)=-da
0 hc
so that the following condition satisfies
[fouda=1. 3)
0

Then, the wavelength A is determined by numerically
solving the following integral equation:

A
g=[t@adn, (4)

0
where & is the random number uniformly distributed
over [0,1]. To illustrate, we used the AMI1.5 solar ra-
diation spectrum to initialize solar photons with
specified wavelengths. Figure 3 shows a comparison
of the solar spectrum and the aggregated spectrum of
initialized photons with different numbers of photons.
The accuracy of spectrum approximation (fitting) im-
proves with an increased number of photons (Fig.
3b).
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Figure 3. a) Red line is the solar spectrum, the blue line is
the aggregated spectrum randomly initialized solar photons
with 100 000 photons, b) The case with 1 000 000 photons

(8].
III. The optical system

An arbitrary optical system can have several
elements with distinct optical properties. In MCPT,
the interaction of photons with matter is formulated
through macroscopic properties like the refractive
index of the medium, surface reflectivity, transmis-
sion (transparency), absorption, and emission spec-
trum.

The intersection of a photon with matter. As in
the ray-tracing method, a photon initialized from a
source with specified coordinates r(X,y,z) and direc-
tion cosines L(VLy, Ly, L;) points toward the matter sur-
face (Fig. 4).

The intersection point of the travelling photon
with a surface and the distance are determined from
the surface equation, the initial coordinates of the
photon, and the direction cosines. Then, the photon
has to propagate to the point, which ends the similar-
ity between ray tracing and photon tracing.
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Figure 4. The photon-surface intersection.

Figure 5. Processes at the boundary.
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The interaction. On the surface, the quantum na-
ture of the photon is taken into account: since the
photon with a direction t cannot be split, it must be
reflected { or refracted S at the boundary (Figure 5).

These directions can easily calculate:

g=t -2(txn)n
n,(t + A xn)) B
n

S =
n

2 2

nJl_nf(l—a*xﬁ)Z). (©)

The likelihood of one of two possible scenarios
is determined from the state of polarization, the angle
of incidence, and the normal to the surface. This is
the key difference between photon tracing the tradi-
tional ray tracing. To illustrate, one can consider a
simple optical system that consists of three optical
elements: quartz, a conical reflective surface, and a
crystal (Fig. 6).

b

[ 4

Figure 6. Demonstration of ray (a) and photon (b) tracing.

In the case of Fig. 6a, the ray split into two at
each interface between two media, and even with so-
me simplifications, after 4-5 interactions with optical
elements, as a result of this branching, one individual
ray split into seven rays. In this way, the number of
“newly-born” rays increases exponentially. If one
considers an optical beam and a complex optical sys-
tem, the number of rays in the system becomes enor-
mous, and tracing each of them becomes a challen-
ging task that requires enormous computing power.
Fig. 6b illustrates the photon tracing method. Here,
we do not observe “the branching”. Therefore, the
photons assumption greatly simplifies simulating op-
tical processes that can be executed using moderate
PC power.
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Absorption of a photon by medium. When pho-
tons propagate in a medium, they might get absor-
bed,that is photon annihilation may occur. This can
be modeled via the absorption spectrum,one of the
optical mediums’ main characteristics. In addition,
the techniques used in the experimentally validated
Monte Carlo method for photontransport simulation
can be adapted [14,15]. Thus, the absorption length
I(the distance the photon travels until it is absorbed)
can be derived from the inverse distribution method
and the Beer-Lambert law:

|=-In&/m, (M
where £ is a random number and m is the absorption
coefficient for the given wavelength. For demonstra-
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tion, one can examine the absorption of a Gaussian
beam with two different wavelengths 530 nm and 807
nm in Nd:YAG crystal (Fig. 7). As shown in Fig. 6,
photons with these two wavelengths have two differ-
ent absorptioncoefficients in the Nd:YAG. As a result,
the absorption distributions should be distinct for
each case (Fig. 8).
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Figure 7. The abruption spectrum of Nd:YAG.
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Figure 8. The absorption distributions of Gaussian beams
in Nd:YAG.

Creation of a photon in a medium. After the
photon annihilation in the medium, the absorbed
energy triggers the subsequent process. For example,
the energy can give rise to the temperature of the me-
dium. More important to our study is that the energy
causes a new photon to be created. That is, the emis-
sion process occurs. So, the emission spectrum of the
medium is exploited to model the creation of the new
photon, where the absorption point of the old photon
is used as the coordinates of the newly initiated pho-

ton. The direction cosines are updated by arbitrary
values taken within 47 due to the physics of the spon-
taneous emission process unless a stimulated emis-
sion occurs.

IV. Detecting photons

The detection or registration of a photon is a de-
licate matter that is not entirely formulated even in
the quantum optics framework [16]. Therefore, we
know that discussing this issue in the MCPT frame-
work seems pointless. However, for our simulation
purposes, we are using a simple procedure: the obser-
vation plane, for example, it can be the surface of the
detector. The surface is gridded in two dimensions
(x-y), and each grid counts incident photons with their
energies:

E=hv,+hv,+..+hv,.

@®)

In addition to, the photon detection, using this proce-
dure, 3D photon distributions can be obtained and
further used to calculate power, intensity, irradiance
and energy distributions.

V. Discussions

Models based on MCPT give excellent accuracy
for experiments involving sources, which produce
random optical fields (not monochromatic, not cohe-
rent and unpolarized). Solar radiation can be an ex-
cellent example of this kind of source. Recently, we
tested MCPT for experiments with light-emitting
diodes, and initial results showed encouraging signs
[17]. MCPT can be very useful for complex optical
systems. For example, biological mediums are not
easy to model [18] because of their structural com-
plexity.

The main limitation of MCPT is that it cannot
simulate the interference (diffraction) processes,
which are present in most cases if one works with
monochromatic sources. That is, the wave nature of
the optical fields is mainly ignored. However, most
experiments in modern physics involve lasers, which
means a new model should consider the interference
process to achieve high accuracy. The same can be
stated for optical engineers’ well-established ray trac-
ing method. Another limitation is that MCPT does
not consider the polarization of electromagnetic fields
so far, and this is hugely important in electromagnetic
optics. In recent years, studies on vortex beams and
optical tweezers increased the importance of the pola-
rization in emerging optical technologies [19].
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VL

We describe the Monte Carlo photon tracing me-
thod in detail. Its validity and usefulness in computa-
tional optics are demonstrated, and applicability ca-
veats and limitations of MCPT are discussed. Cur-
rently, we are conducting studies to modify MCPT
with additional features to account for interference
and polarization to widen application areas.

Conclusions
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OnTuk kapaéHJIapHUHT cumyJasauuscu: MoHTe
Kapuso ¢poTon TpaccupoBka MeToau

A.A. lllepune3sos, I1./1. IlaiizueB

Hon-nna3ma Ba J1azep TEXHOJOTHsUIApH UHCTUTYTH,{YpMoH Hynu
kyuaacu 33, 100125, TourkeHt, Y306eKHCcTOH

OnTrkaza I0KOPH aHUKJIMK Ba aMAIMIUIMKHE TabMUHIIAIIA
Oup Heua MOJIEIUIAINTHPHIN YCyIUTapuAaH QoiinanaHamm,
MacaiiaH, MakcBeIUl TeHIJIaMallapura acociIaHraH ycyJuiap,
HypmapHu Ky3arum, @Dypbe onrTukacu ycy/ulapu Ba
Oomkanap. Xap OupuHHMHr ¥3ura xoc ad3ajuIHKIapH,
KaMYWIMKJIApU Ba YEKJIOBJIApH MaBxyaA. YHOy makoiaja
ONTHK >apa€HIapHU CUMyJIMsiIam yuyH Monre-Kapio
(OTOH TpaccupoBKa METOOM TaBCU(M  KENTHPHJITaH.
MopgemnamTipuil - METOAMAArd acocuil €HpallyBiap Ba

(apazmapHUHI  acOCIaHTaHIWIM  MHCOJUIap  OwiaH
KypcaTwiiid.  YCyJHMHT  KYJUIaHWIMII — 4YeKJIOBJIapu
MyXOKama KHJIHH/IH.

Kaaur cysmap: ¢otoH, Monre-Kapio Meromu, onTHK

MaiJJOH, CHMYJISIIAOH MOJIEL.



