
Optimization of Radiometric Channel Solar Calibration for 

the Clouds and the Earth's Radiant Energy System (CERES) 

Using the Monte-Carlo Method 

by 

Tai K. Nguyen 

Thesis submitted to the faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

Master of Science 

in 

Mechanical Engineering 

APPROVED: 

SC Shan 
DrCeR. Mahan, Chairman 

han, 2 sdtatt 
Dr. E. P. Scott 

    

June, 1994 

Blacksburg, VA



Cb 

LD 

S6$58 
WgSS 
aay 
NHS 4 

Ck



Optimization of Radiometric Channel Solar Calibration for 

the Clouds and the Earth's Radiant Energy System (CERES) 

Using the Monte-Carlo Method 

by 

Tai K. Nguyen 

J. Robert Mahan, Chairman 

Mechanical Engineering 

(ABSTRACT) 

Recent satellite measurements have found the range of solar radiation flux 

at the mean Earth-Sun distance to be from 1365 to 1372 W/m’, or 1368 W/m? to 

within +0.5 percent. This regularity is considered sufficient to permit the use of solar 

radiation as a source of energy for inflight calibration of radiometers designed to 

detect electromagnetic radiation in the solar spectrum. But direct viewing of the Sun 

would provide a flux considerably greater than the operating range of radiometers 

designed to observe typical Earth scenes. Therefore an attenuator is required. The 

Earth Radiation Budget Experiment (ERBE) radiometers, operational since 1984, 

relied on a mirror attenuator mosaic (MAM) to attenuate the solar energy. The 

ERBE MAM is an array of 105 tightly packed concave spherical mirrors with a black



mask covering the surface between the hemispherical cavities and partially covering 

the cavities themselves. In principle, the reflection of solar energy by the MAM was 

anticipated to be independent of the solar incidence direction. Unfortunately, flight 

data revealed a variation with solar incidence angle of as much as 20 percent for 

flux arriving at the detector during solar calibration. An improvement of the ERBE 

MAM design, suppression of the black mask and reduction of the surface area of 

the spherical mirrors, has been achieved for the Clouds and the Earth's Radiant 

Energy System (CERES) radiometers, which will be operational sometime in the 

late-1990's. 

The topic of this thesis is the creation of a thermal-radiative model, based on 

the Monte-Carlo ray-trace method, to characterize the performance of the CERES 

MAM. The radiative analysis suggests that the current CERES MAM design is still 

somewhat less than optimal. The desired specifications are that the fraction of solar 

energy reflected by the MAM to the radiometer aperture be independent of the solar 

vector, and that the distribution of this reflected energy be uniform across the entire 

surface area of the radiometer aperture. The work reported here establishes that 

these specifications can be met by a simple reorientation of the MAM diffuser plate.
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1.0 Introduction 

1.1 The Earth Radiation Budget 

Since the beginning of this century, progress in our society of consumption 

can be in part associated with chemical processes. From fossil fuel burning for the 

production of power so crucial to our existence, to the use of aerosols in our 

everyday life, these processes release great quantities, and at increasing rates, of 

unnatural substances into the fragile atmosphere surrounding our planet. The 

question has been raised about the effects of this rapid change in chemical 

composition of the atmosphere on our climate, and many studies attempting to 

answer this question have been carried out by scientists from around the world. 
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Although these studies involve different methods and differ in their origins and 

approaches, all the resulting predictions are based on one common phenomenon: 

the greenhouse effect, or more specifically, the systematic alteration of the Earth 

radiation budget. 

A simple model for the Earth radiation budget is illustrated in Figure 1. In this 

figure, dg and dep are, respectively, the shortwave solar flux and the Earth-reflected 

solar flux at the top of the atmosphere, and q,,, is the outward Earth-emitted 

radiation in the longwave band. The global net radiation flux at the top of the 

atmosphere, q,, can be expressed as 

Ge = 4s - (Gen + Wey) - (1.1) 

For equilibrium over a long period of time, the global net radiation flux must 

be equal to zero. But a change in the chemical composition of the atmosphere 

could alter the shortwave Earth-reflected and the longwave Earth-emitted radiative 

fluxes such that the three terms on the right-hand side of Equation 1 no longer add 

up to zero. 

This simple model clearly shows the preponderant role of the radiative fluxes 

in the long-term stability of the Earth's climate. The Earth Radiation Budget 

Experiment (ERBE) and the Clouds and the Earth's Radiant Energy System 

(CERES) radiometric instruments are used to, among other things, provide better 

knowledge about the shortwave Earth-reflected solar radiation and the longwave 

Earth-emitted radiation energies. In order to ensure high accuracy of the 

Introduction 2



measurements, the responsivities of the radiometric instruments are regularly 

evaluated by inflight calibration facilities such as the Mirror Attenuator Mosaic 

(MAM) whose performance is evaluated in this thesis. 

1.2 A Brief History of Earth Radiation Budget Measurements 

The brief history of Earth radiation budget measurements before the 

development of space observing systems given in this paragraph is based ona 

paper by Hunt ef a/. [1]. According to Hunt et a/., Pouillet obtained an estimate of 

the solar constant based on observations nearly 150 years ago. Early in this 

century, Abbot and Fowle made the first attempt to determine the components of 

the Earth radiation budget. In the 1920's, Dines carried out an investigation on the 

longwave radiation from the atmosphere, and a few years later, Migge and Moller 

developed a graphical method for calculating the radiation flux in the atmosphere. 

From the 1940's to the 1960's, more complete consideration was given to the role 

of atmospheric constituents, such as water vapor and carbon dioxide. 

The arrival of spacecraft marked a new era for Earth radiation budget 

measurements. The first observation of the Earth from space was obtained by 
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cameras launched by sub-orbital rockets in the late 1940's. On Feb. 17, 1959, the 

first satellite picture of the Earth's cloud cover was taken by Explorer 6. Later, data 

from Explorer 7, the Television Infrared Observational Satellite (TIROS), and the 

National Oceanic and Atmospheric Administration (NOAA) satellites provided further 

improved measurements [2]. 

In modern Earth observing systems incident radiative fluxes are converted 

into electronic signals. These signals are then transmitted to ground stations and 

eventually are interpreted as top-of-the-atmosphere net fluxes. The final step is to 

average these signals over time and space to provide a measurement of the Earth 

radiation budget [3]. 

The evolution of Earth radiation budget instruments can be characterized by: 

(1) spacecraft constraints of power and attitude control, (2) viewing angles of 

radiometric instruments, (3) spectral bands that isolate the Earth radiation budget 

into shortwave and longwave components, (4) and on-board calibration. These 

factors allow Earth radiation budget observational systems to be classified into 

three generations. 

The early Earth radiation budget instruments consisted of black and white 

hemispheres bonded to mirror surfaces. The black hemisphere was sensitive to the 

total radiation, while the white hemisphere was sensitive only to longwave radiation. 

Four thermometers positioned around the hemispheres determined their 

temperatures. In the second generation of Earth radiation budget missions, from 

the 1960's to the 1970's, scanning and nonscanning radiometers were used on 
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spacecraft, such as the Nimbus satellite, to measure the shortwave and the 

longwave regions of the electromagnetic spectrum. The longwave radiometer 

employed cold space and hot internal blackbody sources for inflight calibrations, 

while the shortwave channel had no calibration capability. The third generation of 

observational systems, currently in operation, use a complete instrument package 

which measures radiation in three wavelength bands: shortwave, longwave, and 

total. Inflight calibration systems are provided for each channel. This third- 

generation technology was used during the 1980's by the Earth Radiation Budget 

Experiment (ERBE) to investigate the influence of the Earth's radiative energy 

budget [2]. 

1.3 The Earth Radiation Budget Experiment (ERBE) 

The ERBE program was initiated in 1979 [4] in the interest of providing a 

continuing record of radiation budget changes and to obtain more accurate 

measurements through improved sampling. The main objectives of ERBE were to: 

(1) determine for a minimum of one year, the monthly average radiation budget on 

regional, zonal, and global scales; (2) determine the equator-to-pole energy 

transport gradient; (3) determine the average diurnal variation of the radiation 
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budget on a regional and monthly scale; and (4) examine the measured data to 

ensure the integrity of instrument calibration procedures, sampling efficiency, and 

conversion algorithms [2,5]. 

In order to obtain sufficient coverage, a three-satellite system carrying Earth 

radiation budget instruments was required. The Earth Radiation Budget Satellite 

(ERBS) was placed in orbit by the space shuttle Challenger on October 5, 1984; the 

National Oceanic and Atmospheric Administration's satellite NOAA-9 was launched 

on December 12, 1984; and NOAA-10 was launched on September 17, 1986 [6]. 

After only a few months of operation, data from ERBE had been used to provide 

important results. First, they confirmed the positive feedback of water vapor and 

revealed that water vapor is one of the major sources of positive feedback in the 

climate system. Then, they validated the essential physics of the greenhouse effect 

as the absorption of infrared radiation by certain gases, chiefly H,0 and CO,. Most 

significantly, however, they showed that low-level clouds cool the current climate 

through reflection of the shortwave solar radiation, whereas high-level clouds cause 

heating through absorption and reflection of the longwave radiation emitted by the 

Earth's surface (the so-called "cloud forcing” phenomenon) [7]. 

Although the importance of cloud forcing on the Earth's climate is Known, the 

duration of the ERBE measurements was too short to completely quantify its effect. 

Clouds remain the least understood phenomenon in the climate system [8]. To 

further investigate the effect of clouds and to provide Earth radiation budget 
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measurements at a higher accuracy, a new measurement program has been 

proposed: The Clouds and the Earth's Radiant Energy System (CERES). 

1.4 The Clouds and the Earth's Radiant Energy System (CERES) 

The Clouds and the Earth's Radiant Energy System (CERES) mission is a 

central element of the Earth Observing System (EOS), a United States contribution 

to the international scientific research effort to understand how the Earth works as 

a system [9]. EOS will be the first program to provide coordinated measurements 

of the atmosphere, oceans, solid earth, and biogeochemical cycles to the 

international scientific community. In order to meet observational needs of the Earth 

study, EOS is designed to operate for 15 years, a sufficiently long of time to include 

major environment changes. This period ranges over four to five e/ nifio events to 

sample the pseudo-periodic character of this phenomenon, and over an entire 

sunspot cycle. The distribution of EOS information is supported by the EOS Data 

and Information System (EOSDIS), a program whose policy specifies that all data 

be available to all users. 

CERES is among the first missions of the EOS program. As early as 1997, 

the Tropical Rainfall Measurement Mission (TRMM) spacecraft will be placed into 
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orbit with one module of CERES radiometers on board. Two other CERES 

radiometer modules having different scanning patterns will be aboard the EOS-AM 

satellite, which is scheduled to be launched in 1998. The chronology of other EOS 

satellites carrying CERES radiometers is shown in Table 1 [10]. 

The CERES mission is a continuation to the Earth Radiation Budget 

Experiment (ERBE). The objectives of this program are to advance our knowledge 

about the effect of clouds on the radiation budget by providing instantaneous 

radiation fluxes and cloud identification at the top of the atmosphere, and to recover 

the radiation field from the top of the atmosphere to the Earth's surface. This will 

enhance the inputs into atmospheric and oceanic models, which in turn will increase 

the range of weather forecasting in the short term, and should greatly improve our 

ability to understand the role of clouds in the global change of our climate in the 

long term. These data have been requested by the World Climate Research 

Program (WCRP), the Tropical Ocean Global Atmosphere (TOGA) campaign, the 

World Ocean Circulation Experiment (WOCE), and the Global Energy and Water 

Cycle Experiment (GEWEX) [11]. 

The instruments used by CERES are scanning thermistor bolometer 

radiometers with inflight calibration systems. Each module consists of three 

radiometric channels, as shown in Figure 2. The shortwave channel will be 

sensitive to Earth-reflected solar radiation from 0.3 um to 5.0 um, the total channel 

will be sensitive to both the Earth-emitted longwave radiation (from approximately 

5.0 um to greater than 200 um) and the shortwave Earth-reflected solar radiation, 
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and the third radiometric channel will be sensitive to the water vapor "window" band 

between 8 um and 12 um. The atmosphere is essentially transparent in this 

wavelength interval. 

In the case where two CERES instrument modules are used in a single 

platform, one instrument module will scan in the cross-track direction to detect 

radiation fluxes in a plane perpendicular to the orbital plane, and the second 

instrument module will operate in a biaxial rotating plane, in which the scanning 

plane will be rotated from the reference cross-track plane to the along-track plane. 

The measurements from the biaxially scanning instrument will be used to provide 

angular flux data that will be used to refine the Bidirectional Reflectivity Distribution 

Function (BRDF) models. Radiation fluxes measured at the satellite altitude are 

then transformed to the top of the atmosphere using BRDF models [12]. 

1.5 CERES Radiometric Instruments 

An exploded view of a CERES radiometer appears in Figure 3. This 

instrument is based on the Cassegrain telescope concept to focus incoming 

radiation on a thermistor bolometer, called the active flake, which makes up one 

arm of a deflection bridge network. A second thermistor bolometer, called the 
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compensating flake, is identical to the active flake but is mounted on the opposite 

side of the heat sink. This detector makes up an adjacent arm of the bridge circuit. 

The radiation absorbed by the active flake is converted into heat and causes the 

temperature of this element to increase. This temperature rise is sensed by a 

thermistor embedded in the flake. The resistance difference between the 

thermistors in the active and compensating flakes causes the bridge network to 

deflect. The deflection voltage is then used to deduce the incident radiation. 

The three channels of the radiometer are identical to each other in 

conception, except that the shortwave channel has a Dynasil™ quartz filter, while 

the longwave channel has two filters made of 1 mm thick zinc sulfide (ZnS) and 0.5 

mm thick cadmium telluride (CdTe). The total channel has no filter [13]. 

1.6 Inflight Calibration Facilities 

In order to allow CERES radiometers to sense only the shortwave Earth- 

reflected solar radiation or only the water vapor window channel, filters are added 

to the radiometer design, as described above. But experience has shown that the 

transmissivity of these filters may decrease when exposed to solar ultraviolet 

radiation and to a hard vacuum environment. The changes of the instrument 
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responsivities, due to the degradation of the filters or changes in electronic 

components, are regularly evaluated by inflight calibrations in which the radiometers 

observe one of three internal calibration sources: 

* the Mirror Attenuator Mosaic (MAM) 

¢ the Internal Calibration Module (ICM) 

¢ the Shortwave Internal Calibration Source (SWICS). 

The MAM is an array of tightly packed concave spherical mirrors etched into 

an aluminum plate, also called the diffuser plate, within a baffle which limits the field 

of view of the diffuser plate, as shown in Figure 4 [14]. The diffuser plate is 

expected to reflect solar radiation uniformly regardless of the solar incidence 

direction. The ICM consists of blackbody sources for the total and atmospheric 

window radiometers, and a tungsten lamp which is used for the shortwave 

calibration system. The tungsten lamp is called the Shortwave Internal Calibration 

Source (SWICS). The SWICS also has a photodiode to monitor the long-term 

stability of the tungsten lamp. _ Illustrations of the calibration systems appear in 

Figures 5 and 6 [14]. 

During a normal Earth scan of four seconds, the radiometers initially detect 

the near-zero radiation from dark space at the 18-deg space-look position, then 

measure radiation fluxes from the Earth between 26 and 154 deg. At the end of the 

scan, the radiometers rotate to the 194-deg position to look at the deactivated ICM 

sources, then scan down to face dark space at 162 deg, and finally scan back to 

measure radiation from the Earth between 154 and 26 deg. During the longwave 

Introduction 11



�i�n�t�e�r�n�a�l� �c�a�l�i�b�r�a�t�i�o�n� �m�o�d�e�,� �o�n�c�e� �e�v�e�r�y� �t�w�o� �w�e�e�k�s�,� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s� �f�o�l�l�o�w� �t�h�e� �s�a�m�e� 

�s�c�a�n�n�i�n�g� �p�r�o�f�i�l�e� �e�x�c�e�p�t� �t�h�a�t� �t�h�e� �I�C�M� �s�o�u�r�c�e�s� �a�r�e� �a�c�t�i�v�a�t�e�d�.� 

�D�u�r�i�n�g� �t�h�e� �s�h�o�r�t�w�a�v�e� �a�n�d� �t�o�t�a�l� �s�o�l�a�r� �c�a�l�i�b�r�a�t�i�o�n� �m�o�d�e�,� �a�l�s�o� �o�n�c�e� �e�v�e�r�y� �t�w�o� 

�w�e�e�k�s�,� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s� �s�c�a�n� �d�a�r�k� �s�p�a�c�e� �i�n�i�t�i�a�l�l�y� �a�t� �1�6�2� �d�e�g�,� �t�h�e�n� �s�c�a�n� �p�a�s�t� �t�h�e� �I�C�M� 

�t�o� �s�t�a�r�e� �a�t� �t�h�e� �M�A�M� �w�i�t�h� �n�o� �S�u�n� �i�n� �t�h�e� �M�A�M� �f�i�e�l�d� �o�f� �v�i�e�w�.� �T�h�i�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�e�a�r�-� 

�z�e�r�o� �p�o�w�e�r� �i�n�p�u�t� �l�e�v�e�l�.� �T�h�e�n�,� �t�h�e� �S�u�n� �c�r�o�s�s�e�s� �t�h�r�o�u�g�h� �t�h�e� �f�i�e�l�d� �o�f� �v�i�e�w� �o�f� �t�h�e� �M�A�M� 

�b�a�f�f�l�e�.� �T�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �M�A�M� �a�n�d� �a�r�r�i�v�i�n�g� �a�t� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �i�s� �m�e�a�s�u�r�e�d�.� �N�e�x�t�,� �t�h�e� �S�u�n� �p�a�s�s�e�s� �o�u�t� �o�f� �t�h�e� �f�i�e�l�d� �o�f� �v�i�e�w� �o�f� 

�t�h�e� �M�A�M� �b�a�f�f�l�e�,� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s� �c�o�n�t�i�n�u�e� �t�o� �l�o�o�k� �a�t� �t�h�e� �M�A�M� �w�i�t�h� �o�n�l�y� �d�a�r�k� �s�p�a�c�e� 

�i�n� �i�t�s� �f�i�e�l�d� �o�f� �v�i�e�w�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�o�l�a�r� �a�n�d� �c�o�l�d� �s�p�a�c�e� �i�n�p�u�t�s� �t�h�r�o�u�g�h� �t�h�e� 

�M�A�M� �w�h�i�l�e� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s� �a�r�e� �f�i�x�e�d� �a�t� �t�h�e� �2�3�6�-�d�e�g� �s�o�l�a�r� �v�i�e�w� �p�o�s�i�t�i�o�n� �r�e�p�r�e�s�e�n�t�s� 

�t�h�e� �r�a�d�i�a�t�i�o�n� �n�o�i�s�e� �f�r�o�m� �t�h�e� �M�A�M� �a�n�d� �i�t�s� �e�n�c�l�o�s�u�r�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�o�l�a�r� 

�r�e�f�l�e�c�t�i�o�n� �t�o� �t�h�e� �d�e�t�e�c�t�o�r� �b�y� �t�h�e� �M�A�M� �(�r�a�d�i�o�m�e�t�e�r�s� �a�t� �t�h�e� �2�3�6�-�d�e�g� �p�o�s�i�t�i�o�n�)� �a�n�d� 

�d�i�r�e�c�t� �d�a�r�k� �s�p�a�c�e� �o�b�s�e�r�v�a�t�i�o�n� �(�r�a�d�i�o�m�e�t�e�r�s� �a�t� �t�h�e� �1�6�2�-�d�e�g� �s�p�a�c�e�-�l�o�o�k� �p�o�s�i�t�i�o�n�)� 

�d�e�f�i�n�e�s� �t�h�e� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �i�n�p�u�t� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s�.� �T�h�e� �a�b�o�v�e� �d�i�f�f�e�r�e�n�c�e�s� �a�n�d� �t�h�e� 

�s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �f�l�u�x� �a�t� �t�h�e� �m�e�a�n� �S�u�n�-�E�a�r�t�h� �d�i�s�t�a�n�c�e� �a�r�e� �t�h�e�n� �u�s�e�d� �t�o� �d�e�f�i�n�e� �t�h�e� 

�c�h�a�n�g�e�s� �i�n� �t�h�e� �r�e�s�p�o�n�s�i�v�i�t�y� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s�.� 

�I�n�t�r�o�d�u�c�t�i�o�n� �1�2



�1�.�7� �M�o�t�i�v�a�t�i�o�n� �a�n�d� �G�o�a�l�s� �o�f� �t�h�i�s� �w�o�r�k� 

�T�h�e� �T�h�e�r�m�a�l� �R�a�d�i�a�t�i�o�n� �G�r�o�u�p� �(�T�R�G�)� �o�f� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� 

�S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y� �(�V�P�I�&�S�U�)�,� �u�n�d�e�r� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �D�r�.� �J�.� �R�o�b�e�r�t� �M�a�h�a�n�,� �h�a�s� �b�e�e�n� 

�b�u�i�l�d�i�n�g� �a�n�a�l�y�t�i�c�a�l� �a�n�d� �n�u�m�e�r�i�c�a�l� �m�o�d�e�l�s� �f�o�r� �e�x�t�r�e�m�e�l�y� �c�o�m�p�l�e�x� �t�h�e�r�m�a�l� �p�r�o�b�l�e�m�s� 

�f�o�r� �2�0� �y�e�a�r�s� �[�1�5�,�1�6�,�1�7�]�.� �E�s�k�i�n� �[�1�8�]� �w�a�s� �t�h�e� �f�i�r�s�t� �i�n� �t�h�e� �T�R�G� �t�o� �a�p�p�l�y� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� 

�r�a�y�-�t�r�a�c�e� �t�e�c�h�n�i�q�u�e� �t�o� �c�r�e�a�t�e� �a� �r�a�d�i�a�t�i�v�e� �m�o�d�e�l� �f�o�r� �t�h�e� �E�R�B�E� �n�o�n�s�c�a�n�n�i�n�g� 

�r�a�d�i�o�m�e�t�e�r�s�.� �G�a�r�d�i�n�e�r� �[�1�9�]� �a�n�d� �T�i�r�a� �[�2�0�]� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e� �E�R�B�E� �n�o�n�s�c�a�n�n�i�n�g� 

�r�a�d�i�o�m�e�t�e�r�s�.� �I�n� �1�9�9�3�,� �P�r�i�e�s�t�l�e�y� �[�2�1�]� �c�o�n�c�l�u�d�e�d� �a�n� �e�n�d�-�t�o�-�e�n�d� �m�o�d�e�l� �f�o�r� �t�h�e� �E�R�B�E� 

�n�o�n�s�c�a�n�n�i�n�g� �r�a�d�i�o�m�e�t�e�r�s�,� �H�a�e�f�f�e�l�i�n� �[�2�2�]� �c�o�m�p�l�e�t�e�d� �a� �s�t�u�d�y� �o�f� �e�q�u�i�v�a�l�e�n�c�e� �i�n� �t�h�e� 

�E�R�B�E�/�C�E�R�E�S� �s�c�a�n�n�i�n�g� �r�a�d�i�o�m�e�t�e�r�s�,� �a�n�d� �B�o�n�j�i�o�v�i� �[�2�3�]� �p�r�e�s�e�n�t�e�d� �a� �p�a�r�a�m�e�t�r�i�c� 

�s�t�u�d�y� �o�f� �t�h�e� �E�R�B�E�/�C�E�R�E�S� �s�c�a�n�n�i�n�g� �r�a�d�i�o�m�e�t�e�r�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �w�o�r�k� �o�f� �H�a�e�f�f�e�l�i�n� 

�[�2�2�]� �a�n�d� �M�e�e�k�i�n�s� �[�2�4�]�.� �T�h�e� �w�o�r�k� �o�f� �t�h�e� �T�R�G� �p�r�o�v�i�d�e�d� �i�m�p�o�r�t�a�n�t� �k�n�o�w�l�e�d�g�e� �a�b�o�u�t� 

�t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �E�R�B�E�/�C�E�R�E�S� �r�a�d�i�o�m�e�t�e�r�s�.� �T�h�e� �b�o�d�y� �o�f� �t�h�i�s� �w�o�r�k� �w�i�l�l� �b�e� �a� 

�v�a�l�u�a�b�l�e� �t�o�o�l� �f�o�r� �r�a�d�i�o�m�e�t�e�r� �d�e�s�i�g�n� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �t�h�e� �f�u�t�u�r�e�.� 

�R�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a� �r�a�d�i�o�m�e�t�e�r�,� �i�t�s� �r�e�s�p�o�n�s�i�v�i�t�y� �i�s� �e�x�p�e�c�t�e�d� 

�t�o� �c�h�a�n�g�e� �w�i�t�h� �t�i�m�e� �i�n� �o�p�e�r�a�t�i�o�n�.� �T�h�i�s� �i�s� �e�s�p�e�c�i�a�l�l�y� �t�r�u�e� �f�o�r� �t�h�e� �s�h�o�r�t�w�a�v�e� �c�h�a�n�n�e�l�,� 

�w�h�o�s�e� �f�i�l�t�e�r�'�s� �t�r�a�n�s�m�i�s�s�i�v�i�t�y� �m�a�y� �d�e�c�r�e�a�s�e� �n�o�t� �o�n�l�y� �w�h�e�n� �e�x�p�o�s�e�d� �t�o� �s�o�l�a�r� �u�l�t�r�a�v�i�o�l�e�t� 

�r�a�d�i�a�t�i�o�n� �a�n�d� �h�a�r�d� �v�a�c�u�u�m�,� �b�u�t� �m�a�y� �v�a�r�y� �w�i�t�h� �a�l�t�i�t�u�d�e� �d�u�e� �t�o� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �c�h�a�r�g�e� 

�p�a�r�t�i�c�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �E�a�r�t�h�.� �T�o� �o�v�e�r�c�o�m�e� �t�h�i�s� �p�r�o�b�l�e�m�,� �i�n�f�l�i�g�h�t� 

�I�n�t�r�o�d�u�c�t�i�o�n� �1�3



�c�a�l�i�b�r�a�t�i�o�n� �s�y�s�t�e�m�s� �w�e�r�e� �d�e�s�i�g�n�e�d� �t�o� �e�n�s�u�r�e� �t�h�e� �r�e�p�e�a�t�a�b�i�l�i�t�y� �o�f� �r�a�d�i�o�m�e�t�e�r�s� �i�n� 

�s�e�r�v�i�c�e� �s�i�n�c�e� �1�9�8�4�.� �B�a�s�e�d� �o�n� �E�R�B�E� �d�a�t�a�,� �i�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �s�o�l�a�r� �c�a�l�i�b�r�a�t�i�o�n�s� 

�p�r�o�v�i�d�e� �t�h�e� �b�e�s�t� �m�e�a�s�u�r�e� �o�f� �t�h�e�s�e� �e�f�f�e�c�t�s�.� 

�A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �E�R�B�E� �d�a�t�a� �s�h�o�w�i�n�g� �t�h�e� �r�e�s�p�o�n�s�e�s� �t�o� �s�o�l�a�r� �c�a�l�i�b�r�a�t�i�o�n� 

�u�s�i�n�g� �t�h�e� �M�A�M� �r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �o�u�t�p�u�t� �s�i�g�n�a�l�s� �w�e�r�e� �s�t�r�o�n�g�l�y� �s�e�n�s�i�t�i�v�e� 

�t�o� �t�h�e� �i�n�c�i�d�e�n�t� �s�o�l�a�r� �d�i�r�e�c�t�i�o�n� �d�u�r�i�n�g� �c�a�l�i�b�r�a�t�i�o�n� �[�2�5�]�.� �I�n� �f�a�c�t�,� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n� �a�r�r�i�v�i�n�g� �a�t� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �h�a�d� �t�o� �b�e� �a�v�e�r�a�g�e�d� �t�o� �d�e�f�i�n�e� �t�h�e� �p�o�w�e�r� �i�n�p�u�t� 

�r�e�f�e�r�e�n�c�e�.� �T�h�i�s� �a�v�e�r�a�g�e�d� �p�o�w�e�r� �w�a�s� �t�h�e�n� �u�s�e�d� �t�o� �c�o�r�r�e�c�t� �t�h�e� �r�e�s�p�o�n�s�i�v�i�t�y� �o�f� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �i�n� �q�u�e�s�t�i�o�n�.� 

�A�n� �i�m�p�r�o�v�e�d� �M�A�M� �d�e�s�i�g�n� �b�a�s�e�d� �o�n� �t�h�e� �E�R�B�E� �M�A�M� �h�a�s� �b�e�e�n� �a�c�h�i�e�v�e�d� �f�o�r� 

�t�h�e� �C�E�R�E�S� �M�A�M�.� �T�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �n�e�w� �d�e�s�i�g�n� �i�s� �g�r�e�a�t�l�y� �s�u�p�e�r�i�o�r� �t�o� �t�h�a�t� �o�f� 

�E�R�B�E� �M�A�M� �[�2�6�]�.� �T�h�i�s� �i�m�p�r�o�v�e�m�e�n�t� �w�a�s� �a�c�h�i�e�v�e�d� �b�a�s�e�d� �o�n� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� 

�a�n�d� �b�y� �t�a�k�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n�l�y� �i�n� �t�h�e� �i�n�t�e�r�v�a�l� �+�2�.�2�5� �d�e�g� �i�n�s�t�e�a�d� �o�f� �t�h�e� �e�n�t�i�r�e� �+�4� 

�d�e�g� �f�i�e�l�d� �o�f� �v�i�e�w� �(�F�O�V�)� �o�f� �t�h�e� �M�A�M� �b�a�f�f�l�e�.� �W�h�a�t� �a�r�e� �t�h�e� �c�o�m�p�l�e�t�e� �r�e�f�l�e�c�t�i�n�g� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M�?�A�n� �a�n�s�w�e�r� �t�o� �t�h�i�s� �q�u�e�s�t�i�o�n� �w�a�s� �n�o�t� �o�b�v�i�o�u�s� 

�b�e�c�a�u�s�e� �n�o� �v�a�l�i�d� �a�n�a�l�y�t�i�c�a�l� �o�r� �n�u�m�e�r�i�c�a�l� �m�o�d�e�l�s� �f�o�r� �t�h�e� �M�A�M� �w�e�r�e� �a�v�a�i�l�a�b�l�e�.� 

�T�h�e� �e�f�f�o�r�t� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �t�h�e�s�i�s� �i�s� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �t�h�e�r�m�a�l� �r�a�d�i�a�t�i�v�e� 

�m�o�d�e�l� �f�o�r� �t�h�e� �C�E�R�E�S� �M�A�M� �u�s�i�n�g� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �r�a�y�-�t�r�a�c�e� �t�e�c�h�n�i�q�u�e�.� �T�h�e� �m�o�d�e�l� 

�p�e�r�m�i�t�s� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M� �w�i�t�h�o�u�t� �r�e�s�o�r�t�i�n�g� 

�t�o� �c�o�s�t�l�y� �e�x�p�e�r�i�m�e�n�t�a�l� �t�e�s�t�i�n�g�.� �T�h�e� �m�o�d�e�l� �i�s� �a� �c�o�m�p�u�t�e�r� �c�o�d�e�,� �a�n�d� �s�o� �a�l�l� �t�h�e� 

�d�i�m�e�n�s�i�o�n�a�l� �a�n�d� �p�h�y�s�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�o�d�e�l� �c�a�n� �b�e� �v�a�r�i�e�d� �w�i�t�h� �e�a�s�e� �t�o� 

�f�a�c�i�l�i�t�a�t�e� �p�a�r�a�m�e�t�r�i�c� �s�t�u�d�i�e�s�.� 

�I�n�t�r�o�d�u�c�t�i�o�n� �1�4



�T�h�e� �g�o�a�l� �o�f� �t�h�e� �w�o�r�k� �r�e�p�o�r�t�e�d� �i�n� �t�h�i�s� �t�h�e�s�i�s� �i�s� �t�o� �b�u�i�l�d� �a� �t�h�e�r�m�a�l� �m�o�d�e�l� �a�n�d� 

�t�h�e�n� �t�o� �u�s�e� �t�h�e� �m�o�d�e�l� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �o�p�t�i�m�a�l�l�y� �d�e�s�i�g�n�e�d� �c�o�n�f�i�g�u�r�a�t�i�o�n� �f�o�r� �t�h�e� 

�C�E�R�E�S� �M�A�M�.� �A�c�h�i�e�v�e�m�e�n�t� �o�f� �t�h�i�s� �g�o�a�l� �i�n�v�o�l�v�e�s� �d�e�v�e�l�o�p�i�n�g� �a� �F�O�R�T�R�A�N� �c�o�m�p�u�t�e�r� 

�c�o�d�e� �t�o� �p�e�r�f�o�r�m� �t�h�e� �r�e�q�u�i�r�e�d� �r�a�d�i�a�t�i�v�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �r�a�d�i�a�t�i�v�e� �a�n�a�l�y�s�i�s� 

�i�s� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �o�n� �t�h�e� �e�n�t�i�r�e� �M�A�M� �e�n�c�l�o�s�u�r�e�.� �T�h�e� �c�e�n�t�r�a�l� �p�o�i�n�t� 

�o�f� �i�n�t�e�r�e�s�t� �i�s� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�a�r� �e�n�e�r�g�y� �r�e�f�l�e�c�t�e�d� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� 

�a�p�e�r�t�u�r�e�.� �H�o�w�e�v�e�r�,� �a� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �c�o�m�p�l�e�t�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�n�e�r�g�y� �o�n� �t�h�e� �M�A�M� 

�e�n�c�l�o�s�u�r�e� �h�e�l�p�e�d� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �p�h�y�s�i�c�s� �o�f� �t�h�e� �p�r�o�b�l�e�m� �a�n�d� �p�e�r�m�i�t�t�e�d� �e�r�r�o�r�s� �i�n� �t�h�e� 

�c�o�m�p�u�t�e�r� �c�o�d�e� �t�o� �b�e� �d�e�t�e�c�t�e�d� �d�u�r�i�n�g� �i�t�s� �d�e�v�e�l�o�p�m�e�n�t�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �p�a�r�a�m�e�t�r�i�c� 

�s�t�u�d�y� �w�e�r�e� �v�a�l�i�d�a�t�e�d� �b�y� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �f�l�i�g�h�t� �d�a�t�a� �f�r�o�m� �t�h�e� �E�R�B�E� �M�A�M� �o�p�e�r�a�t�i�o�n� 

�a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �e�n�g�i�n�e�e�r�i�n�g� �m�o�d�e�l� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M�.� �T�h�e�s�e� 

�r�e�s�u�l�t�s� �w�e�r�e� �a�l�s�o� �u�s�e�d� �t�o� �d�i�a�g�n�o�s�e� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �p�a�t�t�e�r�n� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�d� 

�t�h�u�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �b�e�s�t� �o�r�i�e�n�t�a�t�i�o�n� �f�o�r� �t�h�i�s� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �I�n� �t�h�i�s� �t�h�e�s�i�s� �t�h�e� 

�o�p�t�i�m�a�l� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �t�h�a�t� 

�s�a�t�i�s�f�i�e�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �o�b�j�e�c�t�i�v�e�s�:� 

�(�1�)� �T�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �c�a�p�t�u�r�e�d� �b�y� �t�h�e� �M�A�M� �a�n�d� �g�u�i�d�e�d� �t�o� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �s�h�o�u�l�d� �b�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �s�o�l�a�r� �v�e�c�t�o�r� 

�i�n�c�i�d�e�n�t� �t�o� �t�h�e� �M�A�M� �a�p�e�r�t�u�r�e�.� 

�(�2�)� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�i�s� �e�n�e�r�g�y� �s�h�o�u�l�d� �b�e� �u�n�i�f�o�r�m� �a�c�r�o�s�s� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �a�r�e�a�.� 

�(�3�)� �T�h�e� �f�r�a�c�t�i�o�n� �o�f� �i�n�c�i�d�e�n�t� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�a�c�k� �o�u�t� �t�o� �t�h�e� �b�a�f�f�l�e� 

�a�p�e�r�t�u�r�e� �s�h�o�u�l�d� �b�e� �m�a�x�i�m�i�z�e�d�.� 

�i�n�t�r�o�d�u�c�t�i�o�n� �1�5



�I�n� �t�h�e� �f�u�t�u�r�e�,� �t�h�e� �c�u�r�r�e�n�t� �w�o�r�k� �c�o�u�l�d� �b�e� �c�o�u�p�l�e�d� �w�i�t�h� �o�t�h�e�r� �c�u�r�r�e�n�t� �r�e�s�e�a�r�c�h� 

�p�r�o�j�e�c�t�s� �o�f� �t�h�e� �T�R�G�,� �s�u�c�h� �a�s� �t�h�e� �o�n�g�o�i�n�g� �E�a�r�t�h� �B�i�d�i�r�e�c�t�i�o�n�a�l� �R�e�f�l�e�c�t�i�v�i�t�y� �D�i�s�t�r�i�b�u�t�i�o�n� 

�F�u�n�c�t�i�o�n� �m�o�d�e�l� �w�o�r�k� �o�f� �P�.� �V�i�l�l�e�n�e�u�v�e�,� �a�n�d� �t�h�e� �o�n�g�o�i�n�g� �a�d�v�a�n�c�e�d� �C�E�R�E�S� �d�a�t�a� 

�r�e�d�u�c�t�i�o�n� �w�o�r�k� �o�f� �K�.� �P�r�i�e�s�t�l�e�y�,� �t�o� �b�u�i�l�d� �a� �m�o�r�e� �c�o�m�p�l�e�t�e� �m�o�d�e�l� �i�n�c�l�u�d�i�n�g� �E�a�r�t�h� 

�s�c�e�n�e�s�,� �r�a�d�i�o�m�e�t�e�r�s�,� �a�n�d� �i�n�f�l�i�g�h�t� �s�o�l�a�r� �c�a�l�i�b�r�a�t�i�o�n� �s�c�h�e�m�e�s�.� �T�h�e� �r�e�s�u�l�t� �w�o�u�l�d� �b�e� �a� 

�m�a�g�n�i�f�i�c�e�n�t� �d�e�s�i�g�n� �t�o�o�l� �f�o�r� �t�h�e� �n�e�x�t� �g�e�n�e�r�a�t�i�o�n� �o�f� �s�c�a�n�n�i�n�g� �r�a�d�i�o�m�e�t�e�r�s�.� 

�I�n�t�r�o�d�u�c�t�i�o�n� �1�6



�2�.�0� �M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� 

�M�o�s�t� �s�o�l�u�t�i�o�n�s� �o�f� �t�h�e�r�m�a�l� �r�a�d�i�a�t�i�o�n� �h�e�a�t� �t�r�a�n�s�f�e�r� �p�r�o�b�l�e�m�s� �c�o�n�s�i�s�t� �o�f� �d�e�f�i�n�i�n�g� 

�t�h�e� �r�a�d�i�a�t�i�o�n� �e�x�c�h�a�n�g�e� �a�m�o�n�g� �s�u�r�f�a�c�e�s� �o�f� �a�n� �e�n�c�l�o�s�u�r�e�.� �T�h�e� �s�t�a�n�d�a�r�d� �t�e�c�h�n�i�q�u�e� 

�f�o�r� �a�c�c�o�m�p�l�i�s�h�i�n�g� �t�h�i�s� �i�s� �t�o� �c�o�m�p�u�t�e� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �f�a�c�t�o�r�s�,� �b�a�s�e�d� �p�u�r�e�l�y� �o�n� �t�h�e� 

�g�e�o�m�e�t�r�y� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �a�n�d� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �t�h�a�t� �a�l�l� �s�u�r�f�a�c�e�s� �b�e�h�a�v�e� �a�s� �d�i�f�f�u�s�e� 

�a�n�d� �g�r�a�y� �e�m�i�t�t�e�r�s�,� �a�b�s�o�r�b�e�r�s� �a�n�d� �r�e�f�l�e�c�t�o�r�s� �o�f� �r�a�d�i�a�t�i�o�n�.� �B�e�c�a�u�s�e� �m�o�s�t� �s�u�r�f�a�c�e�s� �a�r�e� 

�n�e�i�t�h�e�r� �p�u�r�e�l�y� �d�i�f�f�u�s�e� �n�o�r� �g�r�a�y� �i�n� �r�e�a�l�i�t�y�,� �t�h�e� �u�t�i�l�i�t�y� �o�f� �t�e�c�h�n�i�q�u�e�s� �u�s�i�n�g� �c�o�n�f�i�g�u�r�a�t�i�o�n� 

�f�a�c�t�o�r�s� �i�s� �l�i�m�i�t�e�d�.� �I�n� �1�9�6�1�,� �E�c�k�e�r�t� �a�n�d� �S�p�a�r�r�o�w� �[�2�7�]� �i�n�t�r�o�d�u�c�e�d� �t�h�e� �e�x�c�h�a�n�g�e� �f�a�c�t�o�r� 

�t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�a�d�i�a�t�i�o�n� �e�x�c�h�a�n�g�e� �a�m�o�n�g� �s�u�r�f�a�c�e�s� �h�a�v�i�n�g� �b�o�t�h� �d�i�f�f�u�s�e� �a�n�d� 

�s�p�e�c�u�l�a�r� �c�o�m�p�o�n�e�n�t�s� �o�f� �r�e�f�l�e�c�t�i�v�i�t�y�.� �B�u�t� �c�a�l�c�u�l�a�t�i�o�n�s� �o�f� �t�h�e� �e�x�c�h�a�n�g�e� �f�a�c�t�o�r� �h�a�v�e� 

�p�r�o�v�e�n� �t�o� �b�e� �t�e�d�i�o�u�s�,� �i�f� �n�o�t� �i�m�p�o�s�s�i�b�l�e�,� �w�h�e�n� �c�u�r�v�e�d� �s�u�r�f�a�c�e�s� �a�r�e� �i�n�v�o�l�v�e�d�,� �a�n�d� �t�h�e�i�r� 

�u�s�e� �r�e�q�u�i�r�e�s� �t�h�e� �i�n�v�e�r�s�i�o�n� �o�f� �a� �m�a�t�r�i�x�.� �S�i�m�p�l�i�f�y�i�n�g� �a�s�s�u�m�p�t�i�o�n�s� �m�u�s�t� �b�e� �i�n�v�o�k�e�d� �t�o� 

�m�a�k�e� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�r� �e�x�c�h�a�n�g�e� �f�a�c�t�o�r� �a�p�p�r�o�a�c�h�e�s� �p�r�a�c�t�i�c�a�l� �f�o�r� �m�a�n�y� �p�r�o�b�l�e�m�s� 

�o�f� �e�n�g�i�n�e�e�r�i�n�g� �i�n�t�e�r�e�s�t�.� 

�I�n� �a� �d�i�s�c�u�s�s�i�o�n� �o�f� �a� �p�a�p�e�r� �p�r�e�s�e�n�t�e�d� �b�y� �S�p�a�r�r�o�w� �e�f� �a�l�.� �[�2�8�]�,� �S�e�b�a�n� �s�u�g�g�e�s�t�e�d� 

�t�h�a�t� �r�e�f�l�e�c�t�i�o�n�s� �f�r�o�m� �m�o�s�t� �r�e�a�l� �s�u�r�f�a�c�e�s� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �a�s� �t�h�e� �s�u�m� �o�f� �t�w�o� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �1�7



�c�o�m�p�o�n�e�n�t�s�,� �o�n�e� �d�i�f�f�u�s�e� �a�n�d� �o�n�e� �s�p�e�c�u�l�a�r�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� �r�e�f�l�e�c�t�i�v�i�t�y� �c�a�n� �b�e� 

�w�r�i�t�t�e�n� 

�p�-�p�*�-�p�*�,� �(�2�.�1�)� 

�w�h�e�r�e� �p�°� �i�s� �t�h�e� �d�i�f�f�u�s�e� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�v�i�t�y� �a�n�d� �p�*� �i�s� �t�h�e� �s�p�e�c�u�l�a�r� 

�c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�v�i�t�y�.� �B�a�s�e�d� �o�n� �t�h�i�s� �i�d�e�a�,� �M�a�h�a�n� �a�n�d� �E�s�k�i�n� �[�2�9�]� �i�n�t�r�o�d�u�c�e�d� 

�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�,� �D�;� �.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �c�a�n� �b�e� �d�e�f�i�n�e�d� �f�o�r� �a�n�y� �s�u�r�f�a�c�e� �o�r� 

�v�o�l�u�m�e� �e�l�e�m�e�n�t� �o�f� �a�n� �e�n�c�l�o�s�u�r�e� �t�a�k�i�n�g� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �e�m�i�s�s�i�v�i�t�y� �a�n�d� 

�a�b�s�o�r�p�t�i�v�i�t�y�,� �t�h�e� �b�i�d�i�r�e�c�t�i�o�n�n�a�l� �r�e�f�l�e�c�t�i�v�i�t�y�,� �a�n�d� �t�h�e� �w�a�v�e�l�e�n�g�t�h� �d�e�p�e�n�d�e�n�c�e� �o�f� 

�e�m�i�s�s�i�v�i�t�y�,� �r�e�f�l�e�c�t�i�v�i�t�y�,� �a�n�d� �t�r�a�n�s�m�i�s�s�i�v�i�t�y�.� 

�I�n� �t�h�e� �d�o�m�a�i�n� �o�f� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �i�n�v�o�l�v�i�n�g� �c�o�m�p�l�e�x� �g�e�o�m�e�t�r�i�e�s� �a�n�d� �w�h�e�r�e� 

�h�i�g�h�-�a�c�c�u�r�a�c�y� �i�s� �r�e�q�u�i�r�e�d�,� �t�h�e� �r�a�d�i�a�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �d�e�f�i�n�e�d� �b�y� �t�h�e� �M�o�n�t�e�-� 

�C�a�r�l�o� �r�a�y�-�t�r�a�c�e� �m�e�t�h�o�d�,� �o�r� �a�t� �l�e�a�s�t� �a� �v�a�r�i�a�t�i�o�n� �o�n� �t�h�i�s� �a�p�p�r�o�a�c�h�,� �i�s� �t�h�e� �o�n�l�y� �m�e�t�h�o�d� 

�a�v�a�i�l�a�b�l�e� �f�o�r� �r�a�d�i�a�t�i�v�e� �a�n�a�l�y�s�i�s�.� 

�2�.�1� �T�h�e� �D�i�s�t�r�i�b�u�t�i�o�n� �F�a�c�t�o�r� 

�I�n� �t�h�i�s� �w�o�r�k� �t�h�e� �t�o�t�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�,� �D�,�;� �,� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� 
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�e�n�e�r�g�y� �d�i�f�f�u�s�e�l�y� �e�m�i�t�t�e�d� �b�y� �s�u�r�f�a�c�e� �i� �t�h�a�t� �i�s� �a�b�s�o�r�b�e�d� �b�y� �s�u�r�f�a�c�e� �j� �d�u�e� �b�o�t�h� �t�o� �d�i�r�e�c�t� 

�r�a�d�i�a�t�i�o�n� �a�n�d� �t�o� �a�l�l� �p�o�s�s�i�b�l�e� �d�i�f�f�u�s�e� �a�n�d� �s�p�e�c�u�l�a�r� �r�e�f�l�e�c�t�i�o�n�s�.� �B�e�c�a�u�s�e� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �i�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� 

�i�n�c�l�u�d�e� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l ��-�s�p�e�c�t�r�a�l� �e�m�i�s�s�i�v�i�t�y�,� �t�h�e� �b�i�d�i�r�e�c�t�i�o�n�a�l ��s�p�e�c�t�r�a�l� �r�e�f�l�e�c�t�i�v�i�t�y�,� �a�n�d� 

�t�h�e� �d�i�r�e�c�t�i�o�n�a�l ��s�p�e�c�t�r�a�l� �a�b�s�o�r�p�t�i�v�i�t�y� �o�f� �s�u�r�f�a�c�e�s� �i�n� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�.� �I�n� �t�h�i�s� �c�a�s�e� �w�e� �d�e�f�i�n�e� �t�h�e� �m�o�n�o�c�h�r�o�m�a�t�i�c� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �D�;�,� 

�a�s� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �i�n� �w�a�v�e�l�e�n�g�t�h� �i�n�t�e�r�v�a�l� �A�A�,� �.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �i�t�s� �f�u�l�l�y� �d�i�r�e�c�t�i�o�n�a�l� 

�a�n�d� �m�o�n�o�c�h�r�o�m�a�t�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �h�a�s� �t�h�r�e�e� 

�u�s�e�f�u�l� �p�r�o�p�e�r�t�i�e�s�:� 

�n� 

�>� �D�,�-� �1�.�0�,� �i�=� �1�,� �2�,�.�.�.�,�n�,� �(�2�.�2�)� 
�j�e� 

 ¬�,�A�\�D�,� �=�  ¬�,�A�,�D�;�,� �;� �i�=� �1�,�2�,�.�.�.�,�n�,� �j�-�=�1�,�2�,�.�.�.�,�n�,� �(�2�.�3�)� 

�a�n�d� �E�A�D�,� �-�  ¬�A�,�,� �j�-�1�,�2�,�.�.�.�,�n�,� �(�2�.�4�)� 
�i�x�1� 

�w�h�e�r�e� �n� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �s�u�r�f�a�c�e�s� �i�n� �t�h�e� �e�n�c�l�o�s�u�r�e�,� �e� �i�s� �t�h�e� �t�o�t�a�l� �h�e�m�i�s�p�h�e�r�i�c�a�l� 

�e�m�i�s�s�i�v�i�t�y� �o�f� �a� �g�i�v�e�n� �s�u�r�f�a�c�e�,� �a�n�d� �A� �i�s� �i�t�s� �s�u�r�f�a�c�e� �a�r�e�a�.� �E�q�u�a�t�i�o�n� �2�.�2� �i�s� �a� �s�t�a�t�e�m�e�n�t� 

�o�f� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �e�n�e�r�g�y� �a�n�d� �E�q�u�a�t�i�o�n� �2�.�3� �i�s� �t�h�e� �r�e�c�i�p�r�o�c�i�t�y� �r�e�l�a�t�i�o�n�.� �E�q�u�a�t�i�o�n� �2�.�4� 

�i�s� �o�b�t�a�i�n�e�d� �b�y� �s�u�m�m�i�n�g� �E�q�u�a�t�i�o�n� �2�.�3� �o�v�e�r� �/� �a�n�d� �t�h�e�n� �s�u�b�s�t�i�t�u�t�i�n�g� �E�q�u�a�t�i�o�n� �2�.�2� �i�n�t�o� 

�t�h�e� �r�e�s�u�l�t�.� �T�h�e�s�e� �e�q�u�a�t�i�o�n�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �d�e�t�e�c�t� �a�n�d� �e�l�i�m�i�n�a�t�e� �e�r�r�o�r�s� �d�u�r�i�n�g� �t�h�e� 
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�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �o�f� �a�n� �e�n�c�l�o�s�u�r�e�.� 

�U�s�i�n�g� �t�h�e� �t�o�t�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�,� �D�;�,� �t�h�e� �a�m�o�u�n�t� �o�f� �r�a�d�i�a�t�i�o�n� �e�n�e�r�g�y� �e�m�i�t�t�e�d� 

�b�y� �s�u�r�f�a�c�e� �i� �a�n�d� �a�b�s�o�r�b�e�d� �s�u�r�f�a�c�e� �j�,� �d�e�n�o�t�e�d� �Q�;� �a�n�d� �e�x�p�r�e�s�s�e�d� �i�n� �w�a�t�t�s�,� �i�s� �d�e�f�i�n�e�d� 

�a�s� 

�Q�,�-� �E�,�A�O�T�T�D�,�,� �(�2�.�5�)� 

�w�h�e�r�e� �e�;� �i�s� �t�h�e� �e�m�i�s�s�i�v�i�t�y� �o�f� �s�u�r�f�a�c�e� �i�j�,� �A�;� �i�s� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �s�u�r�f�a�c�e� �/�i�n� �m ��,� �o�i�s� 

�t�h�e� �S�t�e�f�a�n�-�B�o�l�t�z�m�a�n�n� �c�o�n�s�t�a�n�t� �(�5�.�6�6�9�6� �x� �1�0�°� �W�m�°�K�*�%�)�,� �7�;� �i�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� 

�e�m�i�t�t�i�n�g� �s�u�r�f�a�c�e� �i�n� �k�e�l�v�i�n�s�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �i�f� �t�h�e� �r�a�d�i�a�t�i�v�e� �h�e�a�t� �l�o�s�s� �Q�,� �o�f� �t�h�e� 

�e�m�i�t�t�i�n�g� �s�u�r�f�a�c�e� �i�s� �k�n�o�w�n� �i�n�s�t�e�a�d� �o�f� �i�t�s� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e�n� �t�h�e� �p�a�r�t� �o�f� �Q�,� �a�b�s�o�r�b�e�d� 

�b�y� �e�a�c�h� �s�u�r�f�a�c�e� �j� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �Q�;� �c�a�n� �b�e� �c�o�m�p�u�t�e�d� �d�i�r�e�c�t�l�y� �a�s� 

�Q�;� �-� �q�,� �A�,� �c�o�s� �8� �D�j�.� �(�2�.�6�)� 

�w�h�e�r�e� �q�,� �i�s� �t�h�e� �r�a�d�i�a�t�i�v�e� �f�l�u�x� �e�m�i�t�t�e�d� �f�r�o�m� �s�u�r�f�a�c�e� �A�,�,� �a�n�d� �6� �i�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� 

�d�i�r�e�c�t�i�o�n� �o�f� �e�m�i�s�s�i�o�n� �a�n�d� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n� �o�f� �A�.� 

�T�h�e� �d�e�g�r�e�e� �o�f� �d�i�f�f�i�c�u�l�t�y� �i�n� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �i�n�c�r�e�a�s�e�s� 

�t�r�e�m�e�n�d�o�u�s�l�y� �w�i�t�h� �t�h�e� �e�n�c�l�o�s�u�r�e� �g�e�o�m�e�t�r�i�c� �c�o�m�p�l�e�x�i�t�y�,� �a�n�d� �w�i�t�h� �a�n�y� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� 

�r�a�d�i�a�t�i�v�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e�.� �S�i�n�c�e� �t�h�e� �e�n�c�l�o�s�u�r�e� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �C�E�R�E�S� 

�M�A�M� �c�o�n�s�i�s�t�s� �o�f� �m�a�n�y� �s�p�h�e�r�i�c�a�l� �s�u�r�f�a�c�e� �s�e�g�m�e�n�t�s� �i�n�t�e�r�s�e�c�t�i�n�g� �i�r�r�e�g�u�l�a�r� �p�l�a�n�e� 

�s�u�r�f�a�c�e�s�,� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �r�a�y�-�t�r�a�c�e� �t�e�c�h�n�i�q�u�e� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �t�h�e� �o�n�l�y� �p�r�a�c�t�i�c�a�b�l�e� 

�t�e�c�h�n�i�q�u�e� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s�.� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �2�0



�2�.�2� �T�h�e� �M�o�n�t�e�-�C�a�r�l�o� �R�a�y�-�T�r�a�c�e� �M�e�t�h�o�d� 

�A�c�c�o�r�d�i�n�g� �t�o� �R�e�f�e�r�e�n�c�e� �[�2�9�]�,� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �r�a�y�-�t�r�a�c�e� �t�e�c�h�n�i�q�u�e� �i�s� �a� 

�s�t�a�t�i�s�t�i�c�a�l� �a�n�d� �n�u�m�e�r�i�c�a�l� �m�e�t�h�o�d� �b�y� �w�h�i�c�h� �t�h�e� �r�e�a�l� �p�r�o�c�e�s�s� �i�s� �r�e�p�l�a�c�e�d� �b�y� �"�a� �g�a�m�e� 

�w�h�o�s�e� �o�u�t�c�o�m�e� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �r�e�a�l� �p�r�o�b�l�e�m� �b�e�i�n�g� �m�o�d�e�l�e�d� �b�u�t� �i�s� �e�a�s�i�e�r� �t�o� 

�p�l�a�y�.�"� �I�n� �t�h�e� �n�e�w� �g�a�m�e�,� �r�a�d�i�a�t�i�o�n� �e�n�e�r�g�y� �i�s� �u�n�i�f�o�r�m�l�y� �d�i�v�i�d�e�d� �i�n�t�o� �a�n� �a�r�b�i�t�r�a�r�y� 

�n�u�m�b�e�r� �N�,� �o�f� �d�i�s�c�r�e�t�e� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �t�h�a�t� �a�r�e� �f�o�l�l�o�w�e�d� �f�r�o�m� �e�m�i�s�s�i�o�n� �f�r�o�m� �s�u�r�f�a�c�e� 

�e�l�e�m�e�n�t� �/� �t�o� �a�b�s�o�r�p�t�i�o�n�.� �T�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �a�n�d� �t�h�e� �l�a�w�s� �o�f� �p�r�o�b�a�b�i�l�i�t�y� 

�a�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �N�;� �a�b�s�o�r�b�e�d� �b�y� �a� �g�i�v�e�n� 

�s�u�r�f�a�c�e� �e�l�e�m�e�n�t� �/� �i�n� �t�h�e� �e�n�c�l�o�s�u�r�e�.� �T�h�e� �t�o�t�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �i�s� �t�h�e�n� �d�e�f�i�n�e�d� �a�s� 

�t�h�e� �r�a�t�i�o� �o�f� �N�;� �t�o� �N�;� �i�n� �t�h�e� �l�i�m�i�t� �a�s� �N�,� �t�e�n�d�s� �t�o� �i�n�f�i�n�i�t�y�.� 

�A� �p�r�e�l�i�m�i�n�a�r�y� �w�o�r�k� �b�e�f�o�r�e� �a�p�p�l�y�i�n�g� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d�,� �a�n�d� �p�e�r�h�a�p�s� �t�h�e� 

�m�o�s�t� �t�i�m�e�-�c�o�n�s�u�m�i�n�g� �t�a�s�k� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �c�u�r�r�e�n�t� �m�o�d�e�l�,� �i�s� �t�o� �d�e�f�i�n�e� �t�h�e� 

�g�e�o�m�e�t�r�y� �o�f� �t�h�e� �p�r�o�b�l�e�m�.� �T�h�i�s� �g�e�o�m�e�t�r�y� �i�s� �d�e�f�i�n�e�d� �b�y� �C�a�r�t�e�s�i�a�n� �c�o�o�r�d�i�n�a�t�e�s� �(�x�,�y�,�z�)� 

�o�f� �p�o�i�n�t�s� �m�a�k�i�n�g� �u�p� �t�h�e� �e�n�c�l�o�s�u�r�e�,� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �7�.� 

�T�h�e� �e�n�c�l�o�s�u�r�e� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �C�E�R�E�S� �M�A�M� �i�s� �t�h�e�n� �s�u�b�d�i�v�i�d�e�d� �i�n�t�o� 

�s�u�r�f�a�c�e�s� �b�a�s�e�d� �o�n� �s�h�a�p�e�s� �s�u�c�h� �a�s� �s�p�h�e�r�e�s�,� �d�i�s�k�s�,� �r�e�c�t�a�n�g�l�e�s�,� �a�n�d� �t�r�i�a�n�g�l�e�s�.� 

�i�m�a�g�i�n�a�r�y� �b�l�a�c�k� �s�u�r�f�a�c�e�s� �a�r�e� �a�l�s�o� �u�s�e�d� �t�o� �d�e�f�i�n�e� �o�p�e�n�i�n�g�s� �s�u�c�h� �a�s� �t�h�e� �b�a�f�f�l�e� �a�n�d� 

�t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�s�.� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �2�1



�T�h�i�s� �e�n�c�l�o�s�u�r�e� �i�n�c�l�u�d�e�s� �1�0�5� �s�p�h�e�r�i�c�a�l� �s�e�c�t�o�r� �s�u�r�f�a�c�e� �e�l�e�m�e�n�t�s� �r�e�p�r�e�s�e�n�t�i�n�g� 

�t�h�e� �m�i�r�r�o�r�s� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�d� �5�1� �o�t�h�e�r� �p�l�a�n�e� �s�u�r�f�a�c�e� �e�l�e�m�e�n�t�s�.� �F�i�g�u�r�e� �7� 

�s�h�o�w�s� �t�h�e� �s�u�b�d�i�v�i�s�i�o�n� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �i�n�t�o� �s�u�r�f�a�c�e�s�.� �F�r�o�m� �t�h�i�s� �f�i�g�u�r�e�,� �i�t� �i�s� �o�b�v�i�o�u�s� 

�t�h�a�t� �t�h�e�r�e� �i�s� �n�o� �s�y�m�m�e�t�r�y� �i�n� �t�h�e� �e�l�e�v�a�t�i�o�n� �p�l�a�n�.� �A�l�t�h�o�u�g�h� �t�h�e� �g�e�o�m�e�t�r�y� �i�s� �s�y�m�m�e�t�r�i�c� 

�i�n� �t�h�e� �p�l�a�n�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�a�t� �e�l�e�v�a�t�i�o�n� �p�l�a�n�e�,� �t�h�i�s� �g�e�o�m�e�t�r�i�c� �s�y�m�m�e�t�r�y� �c�a�n�n�o�t� 

�b�e� �e�x�p�l�o�i�t�e�d� �t�o� �s�i�m�p�l�i�f�y� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d�.� �T�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �i�n�c�i�d�e�n�t� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �b�a�f�f�l�e� �a�p�e�r�t�u�r�e� �c�a�n� �v�a�r�y� �i�n� �t�h�e� �p�l�a�n�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� 

�e�l�e�v�a�t�i�o�n� �p�l�a�n�e�,� �a�n�d� �t�h�i�s� �v�a�r�i�a�t�i�o�n� �i�n� �d�i�r�e�c�t�i�o�n� �o�f� �i�n�c�i�d�e�n�c�e� �i�n�v�a�l�i�d�a�t�e�s� �t�h�e� �s�y�m�m�e�t�r�y�.� 

�W�h�e�n� �a�l�l� �t�h�e� �s�u�r�f�a�c�e�s� �o�f� �e�m�i�s�s�i�o�n� �a�n�d� �a�b�s�o�r�p�t�i�o�n� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �h�a�v�e� �b�e�e�n� 

�d�e�f�i�n�e�d�,� �w�e� �a�r�e� �r�e�a�d�y� �t�o� �p�r�o�c�e�e�d� �w�i�t�h� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �u�s�i�n�g� �t�h�e� 

�M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d�.� �T�h�e� �m�e�t�h�o�d� �c�o�n�s�i�s�t�s� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�i�v�e� �s�t�e�p�s� �f�o�r� �e�a�c�h� 

�e�n�e�r�g�y� �b�u�n�d�l�e� �e�m�i�t�t�e�d�.� 

�S�t�e�p� �1�:� �D�e�t�e�r�m�i�n�e� �t�h�e� �L�o�c�a�t�i�o�n� �a�n�d� �D�i�r�e�c�t�i�o�n� �o�f� �E�m�i�s�s�i�o�n� �o�f� �a�n� 

�E�n�e�r�g�y� �B�u�n�d�l�e� 

�R�e�c�a�l�l� �t�h�a�t� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d� �c�o�n�s�i�s�t�s� �o�f� �f�o�l�l�o�w�i�n�g� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� 

�e�n�e�r�g�y� �b�u�n�d�l�e� �a�l�o�n�g� �a�n� �o�p�t�i�c�a�l� �p�a�t�h� �f�r�o�m� �e�m�i�s�s�i�o�n� �t�o� �a�b�s�o�r�p�t�i�o�n� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� 

�r�a�d�i�a�t�i�o�n� �e�x�c�h�a�n�g�e� �b�e�t�w�e�e�n� �t�h�e� �e�m�i�t�t�i�n�g� �s�u�r�f�a�c�e� �a�n�d� �a�l�l� �o�t�h�e�r� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� 

�e�n�c�l�o�s�u�r�e�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �d�e�f�i�n�e� �t�h�i�s� �o�p�t�i�c�a�l� �p�a�t�h� �d�i�r�e�c�t�l�y� �i�n� �t�h�e� �g�l�o�b�a�l� �c�o�o�r�d�i�n�a�t�e� 

�s�y�s�t�e�m�,� �i�n� �w�h�i�c�h� �a�l�l� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �a�r�e� �r�e�l�a�t�e�d� �t�o� �e�a�c�h� �o�t�h�e�r�.� �B�u�t� �a�n� 

�i�n�t�e�r�m�e�d�i�a�t�e� �s�t�e�p� �r�e�n�d�e�r�s� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d� �e�a�s�i�e�r� �t�o� �a�p�p�l�y�.� �T�h�i�s� �s�t�e�p� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �2�2



�i�n�v�o�l�v�e�s� �d�e�f�i�n�i�n�g� �t�h�e� �g�e�o�m�e�t�r�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �s�u�c�h� �a�s� �l�o�c�a�t�i�o�n� �a�n�d� �d�i�r�e�c�t�i�o�n� �o�f� 

�e�m�i�s�s�i�o�n�,� �f�o�r� �a� �g�i�v�e�n� �s�u�r�f�a�c�e� �i�n� �a� �l�o�c�a�l� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�,� �d�e�f�i�n�e�d� �b�y� �t�h�e� 

�d�i�m�e�n�s�i�o�n�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�a�t� �s�u�r�f�a�c�e�.� �T�h�e�n�,� �t�h�e� �g�e�o�m�e�t�r�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�a�r�e� �t�r�a�n�s�f�o�r�m�e�d� �t�o� �t�h�e� �g�l�o�b�a�l� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�.� �B�a�s�e�d� �o�n� �t�h�i�s� �a�p�p�r�o�a�c�h�,� �t�h�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �a�l�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�a�r�a�g�r�a�p�h�s� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� 

�l�o�c�a�l� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�.� �T�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �f�r�o�m� �o�n�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �t�o� �a�n�o�t�h�e�r� 

�s�i�m�p�l�y� �i�n�v�o�l�v�e�s� �a� �v�e�c�t�o�r�-�m�a�t�r�i�x� �m�u�l�t�i�p�l�i�c�a�t�i�o�n�.� 

�S�t�e�p� �1�.�1�:� �D�e�t�e�r�m�i�n�e� �t�h�e� �L�o�c�a�t�i�o�n� �o�f� �E�m�i�s�s�i�o�n� 

�T�h�e� �k�e�y� �a�s�s�u�m�p�t�i�o�n� �o�f� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d� �i�s� �t�h�a�t� �s�u�r�f�a�c�e� �e�m�i�s�s�i�o�n� �c�a�n� 

�b�e� �u�n�i�f�o�r�m�l�y� �d�i�v�i�d�e�d� �i�n�t�o� �e�n�e�r�g�y� �b�u�n�d�l�e�s�,� �i�.� �e�.� �t�h�e� �s�i�t�e�s� �o�f� �e�m�i�s�s�i�o�n� �a�r�e� �u�n�i�f�o�r�m�l�y� 

�d�i�s�t�r�i�b�u�t�e�d� �o�v�e�r� �t�h�e� �s�u�r�f�a�c�e� �o�f� �e�m�i�s�s�i�o�n�.� �T�h�i�s� �s�u�b�s�e�c�t�i�o�n� �d�e�s�c�r�i�b�e�s� �t�h�e� �u�s�e� �o�f� 

�u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �t�o� �a�c�h�i�e�v�e� �u�n�i�f�o�r�m�i�t�y� �o�f� �e�m�i�s�s�i�o�n� �f�r�o�m� �a� 

�g�i�v�e�n� �s�u�r�f�a�c�e� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e�.� 

�I�n� �t�h�e� �s�p�e�c�i�a�l� �c�a�s�e� �w�h�e�r�e� �t�h�e� �s�u�r�f�a�c�e� �o�f� �e�m�i�s�s�i�o�n� �i�s� �a� �p�l�a�n�a�r�,� �r�e�c�t�a�n�g�u�l�a�r� 

�s�u�r�f�a�c�e�,� �t�h�e� �s�i�t�e� �o�f� �e�m�i�s�s�i�o�n� �i�s� �d�e�f�i�n�e�d� �b�y� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �p�a�i�r� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�e�q�u�a�t�i�o�n�s�:� 

�X�=� �X�i�n� �*� �(�X�i�n�a�x� �~� �X�m�i�n�)� �R�,� �'� �(�2�.�7�)� 

�y� �*� �Y�m�i�n� �*� �(�Y� �m�a�x� �~� �Y�i�m�i�n� �)� �R�,�  �� �(�2�.�8�)� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �2�3



�a�n�d� �Z�=�Z�n�i�n�*� �(�Z�m�a�x� �~� �Z�m�i�n�)� �R�e�z� �«� �(�2�.�9�)� 

�I�n� �E�q�u�a�t�i�o�n�s� �2�.�7� �t�h�r�o�u�g�h� �2�.�9� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �m�i�n� �a�n�d� �m�a�x� �d�e�n�o�t�e� �t�h�e� �e�x�t�r�e�m�e� �v�a�l�u�e�s� 

�o�f� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s� �o�n� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �q�u�a�n�t�i�t�i�e�s� �R�,�,� �R�,�,� �a�n�d� �R�,� �a�r�e� �t�h�r�e�e� �r�a�n�d�o�m� 

�n�u�m�b�e�r�s� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �b�e�t�w�e�e�n� �z�e�r�o� �a�n�d� �u�n�i�t�y�.� �N�o�t�e� �t�h�a�t� �o�n�l�y� �t�w�o� 

�c�o�o�r�d�i�n�a�t�e�s� �o�f� �t�h�e� �s�i�t�e� �o�f� �e�m�i�s�s�i�o�n� �n�e�e�d� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �a�n�y� �p�a�i�r� �o�f� �t�h�e� �s�e�t� �o�f� 

�E�q�u�a�t�i�o�n�s� �2�.�7�,� �2�.�8�,� �a�n�d� �2�.�9�.� �T�h�e� �t�h�i�r�d� �c�o�o�r�d�i�n�a�t�e� �i�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �a�n�a�l�y�t�i�c�a�l� 

�e�q�u�a�t�i�o�n� �o�f� �t�h�e� �p�l�a�n�e�,� �w�h�i�c�h� �i�s� 

�N�n�,� �(�X�-�X�p�_�)� �+�N� �(�Y�-�¥�p�_�)� �+�N�,� �(�Z�-�2�,�)�-�0�,� �(�2�.�1�0�)� 

�w�h�e�r�e� �n�,�,� �n�,�,� �a�n�d� �n�,� �a�r�e� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �u�n�i�t� �n�o�r�m�a�l� �v�e�c�t�o�r� �t�o� �t�h�e� �p�l�a�n�e� �a�n�d� 

�X�o�,� �Y�o�,� �a�n�d� �Z�,� �a�r�e� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s� �o�f� �a� �p�o�i�n�t� �o�f� �t�h�e� �s�u�r�f�a�c�e�.� 

�I�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �e�m�i�t�t�i�n�g� �s�u�r�f�a�c�e� �i�s� �a� �p�l�a�n�a�r� �p�o�l�y�g�o�n�,� �t�h�e� �s�u�r�f�a�c�e� �i�s� 

�s�u�b�d�i�v�i�d�e�d� �i�n�t�o� �t�r�i�a�n�g�l�e�s�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �8�.� �T�h�i�s� �i�d�e�a� �w�a�s� �b�o�r�n� �o�u�t� �o�f� �a� 

�c�o�n�v�e�r�s�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �a�u�t�h�o�r� �a�n�d� �P�.� �V�i�l�l�e�n�e�u�v�e�.� �I�n� �e�a�c�h� �t�r�i�a�n�g�l�e�,� �A�B�C�,� �t�h�e� 

�t�r�i�p�l�e�t� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s� �o�f� �p�o�i�n�t� �A� �a�n�d� �t�h�e� �t�w�o� �v�e�c�t�o�r�s� �A�B� �a�n�d� �A�C�,� 

�d�e�n�o�t�e�d� �(�A�,� �A�B�,� �A�C�)�,� �i�s� �c�o�n�s�i�d�e�r�e�d� �a�s� �a� �l�o�c�a�l� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�.� �I�n� �t�h�i�s� �c�o�o�r�d�i�n�a�t�e� 

�s�y�s�t�e�m�,� �t�h�e� �s�i�t�e� �o�f� �e�m�i�s�s�i�o�n�,� �P�,� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �t�h�e� �l�i�n�e�a�r� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �A�B� 

�a�n�d� �A�C�,� 

�A�P� �-� �q�A�B�.�-�r�A�C�,� �(�2�.�1�1�)� 

�w�h�e�r�e� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s� �g� �a�n�d� �r� �o�f� �p�o�i�n�t� �P� �a�l�o�n�g� �t�h�e� �A�B�-� �a�n�d� �A�C�-�d�i�r�e�c�t�i�o�n�s� �a�r�e� 
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�d�e�f�i�n�e�d� �b�y� 

�q�-� �|�A�B�/� �R�,�.� �(�2�.�1�2�)� 

�a�n�d� �r�=�|�A�C�|�R�,�.� �(�2�.�1�3�)� 

�I�n� �E�q�u�a�t�i�o�n�s� �2�.�1�2� �a�n�d� �2�.�1�3� �R�,� �a�n�d� �R�,� �a�r�e� �t�w�o� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �u�n�i�f�o�r�m�l�y� 

�d�i�s�t�r�i�b�u�t�e�d� �b�e�t�w�e�e�n� �z�e�r�o� �a�n�d� �u�n�i�t�y�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �p�o�i�n�t� �P� �i�s� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� 

�o�n� �t�h�e� �p�a�r�a�l�l�e�l�o�g�r�a�m� �d�e�f�i�n�e�d� �b�y� �A�B� �a�n�d� �A�C�,� �a�n�d� �t�h�a�t� �p�o�i�n�t� �P� �c�a�n� �b�e� �l�o�c�a�t�e�d� 

�o�u�t�s�i�d�e� �o�f� �t�h�e� �t�r�i�a�n�g�l�e� �A�B�C�.� �M�a�t�h�e�m�a�t�i�c�a�l�l�y�,� �t�h�i�s� �s�i�t�u�a�t�i�o�n� �h�a�p�p�e�n�s� �w�h�e�n� �t�h�e� �s�u�m� 

�o�f� �R�,� �a�n�d� �R�,� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �o�n�e�.� �I�n� �t�h�i�s� �c�a�s�e� �p�o�i�n�t� �P� �i�s� �t�r�a�n�s�f�o�r�m�e�d� �t�o� �t�h�e� �i�n�s�i�d�e� �o�f� 

�t�h�e� �t�r�i�a�n�g�l�e� �A�B�C� �b�y� �s�e�t�t�i�n�g� 

�R�,�-�1�-�R�,� �(�2�.�1�4�)� 

�a�n�d� �R�,�-�1�-�R�,�.� �(�2�.�1�5�)� 

�T�h�i�s� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �w�o�u�l�d� �b�e� �a� �s�y�m�m�e�t�r�i�c� �o�r�t�h�o�g�o�n�a�l� �p�r�o�j�e�c�t�i�o�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

�B�C�-�s�i�d�e� �o�f� �t�h�e� �t�r�i�a�n�g�l�e� �i�f� �(�A�,� �A�B�,� �A�C�)� �w�e�r�e� �a�n� �o�r�t�h�o�n�o�r�m�a�l� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�.� 

�P�h�y�s�i�c�a�l�l�y�,� �t�h�i�s� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �f�o�l�d�s� �t�w�o� �u�n�i�f�o�r�m� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� �p�l�a�c�e�s� �o�n�e� �o�n� �t�o�p� 

�o�f� �t�h�e� �o�t�h�e�r�,� �s�o� �t�h�e� �r�e�s�u�l�t�i�n�g� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �u�n�i�f�o�r�m�.� 

�I�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �e�m�i�t�t�i�n�g� �s�u�r�f�a�c�e� �i�s� �a� �d�i�s�k�,� �t�h�e� �s�i�t�e� �o�f� �e�m�i�s�s�i�o�n� �i�s� 

�d�e�f�i�n�e�d� �b�y� �r�a�n�d�o�m�l�y� �l�o�c�a�t�i�n�g� �a� �p�o�i�n�t� �i�n� �t�h�e� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �(�@�)� �a�n�d� �r�a�d�i�a�l� �(�r�)� 
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�d�i�r�e�c�t�i�o�n�s� �b�y� 

� �-�2�7�1�R�,� �(�2�.�1�6�)� 

�r�=�%�V�R�,�.� �(�2�.�1�7�)� 
�a�n�d� 

�w�h�e�r�e� �R�,� �a�n�d� �R�,� �a�r�e� �t�w�o� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �b�e�t�w�e�e�n� �z�e�r�o� �a�n�d� 

�u�n�i�t�y�,� �a�n�d� �1�,� �i�s� �t�h�e� �r�a�d�i�u�s� �o�f� �t�h�e� �d�i�s�k�.� 

�T�h�e� �u�n�i�f�o�r�m�i�t�y� �o�f� �t�h�e� �s�i�t�e� �o�f� �e�m�i�s�s�i�o�n� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �d�i�s�k� �c�a�n� �b�e� �s�h�o�w�n� 

�b�y� �c�o�n�s�i�d�e�r�i�n�g� �t�w�o� �f�o�l�l�o�w�i�n�g� �c�a�s�e�s�.� 

�I�n� �t�h�e� �f�i�r�s�t� �c�a�s�e�,� �c�o�n�s�i�d�e�r� �a� �n�u�m�b�e�r� �N�,� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� 

�N�,� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �r�a�n�g�i�n�g� �f�r�o�m� �0� �t�o� �R�,�,�,� �a�n�d� �f�a�l�l�i�n�g� �w�i�t�h�i�n� �a�n� �a�r�e�a� �l�i�m�i�t�e�d� �b�y� �R�,�,�,� 

�g�i�v�e�n� �b�y� �r�,� �=� �o�y� �R�u� �-� �I�n� �t�h�e� �s�e�c�o�n�d� �c�a�s�e�,� �a� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �m� �t�i�m�e�s� 

�g�r�e�a�t�e�r� �t�h�a�n� �N�,�,� �o�r� �N�,� �-� �m� �N�,� �,�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �N�,� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �r�a�n�g�i�n�g� �f�r�o�m� �0� 

�t�o� �R�,�2� �f�a�l�l�i�n�g� �w�i�t�h�i�n� �a�n� �a�r�e�a� �d�e�f�i�n�e�d� �b�y� �r�,� �-� �r�.�,�/�m�R�,�,� �.� 

�T�h�e� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �p�e�r� �s�u�r�f�a�c�e� �a�r�e�a� �i�n� �t�h�e� �t�w�o� �c�a�s�e�s� �a�r�e� �g�i�v�e�n� 

�b�y� 

� � �(�2�.�1�8�)� 

�7� �n�a�r� �o�a�r� �a� �(�2�.�1�9�)� 
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�S�i�n�c�e� �E�q�u�a�t�i�o�n�s� �2�.�1�8� �a�n�d� �2�.�1�9� �a�r�e� �t�h�e� �s�a�m�e� �f�o�r� �a�r�b�i�t�r�a�r�i�l�y� �c�h�o�s�e�n� �n�u�m�b�e�r�s� �o�f� 

�e�n�e�r�g�y� �b�u�n�d�l�e�s� �m�,� �i�t� �c�a�n� �b�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �s�i�t�e�s� �o�f� �e�m�i�s�s�i�o�n� �a�r�e� �u�n�i�f�o�r�m�l�y� 

�d�i�s�t�r�i�b�u�t�e�d� �o�v�e�r� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �d�i�s�k�.� 

�S�t�e�p� �1�.�2�:� �D�e�t�e�r�m�i�n�e� �t�h�e� �D�i�r�e�c�t�i�o�n� �o�f� �E�m�i�s�s�i�o�n� 

�T�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �e�m�i�s�s�i�o�n� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�w�o� �c�o�m�p�o�n�e�n�t�s�:� �t�h�e� �a�n�g�l�e� �i�n� 

�t�h�e� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �p�l�a�n�e�,� �@�,� �a�n�d� �t�h�e� �a�n�g�l�e� �i�n� �t�h�e� �a�z�i�m�u�t�h�a�l� �p�l�a�n�e�,� �8�.� �F�o�r� �c�o�l�l�i�m�a�t�e�d� 

�e�m�i�s�s�i�o�n�,� �s�u�c�h� �a�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �e�n�t�e�r�i�n�g� �t�h�r�o�u�g�h� �t�h�e� �M�A�M� �b�a�f�f�l�e� 

�a�p�e�r�t�u�r�e�,� �6� �a�n�d� �»� �a�r�e� �k�n�o�w�n� �a� �p�r�i�o�r�.� �F�o�r� �d�i�f�f�u�s�e� �e�m�i�s�s�i�o�n�,� �t�h�e�s�e� �t�w�o� �a�n�g�l�e�s� �a�r�e� 

�g�i�v�e�n� �i�n� �R�e�f�e�r�e�n�c�e� �[�3�0�]� �a�s� 

�o�-�2�7�7�R�,� �(�2�.�2�0�)� 

�a�n�d� �Q�-�s�i�n�'�/�R�,� �,� �(�2�.�2�1�)� 

�w�h�e�r�e� �R�A�,� �a�n�d� �R�,� �a�r�e� �t�w�o� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �b�e�t�w�e�e�n� �z�e�r�o� �a�n�d� 

�u�n�i�t�y�.� �T�h�e� �t�w�o� �a�n�g�l�e�s�,� �o� �a�n�d� �8�,� �a�r�e� �t�h�e�n� �u�s�e�d� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�e� �n�o�r�m�a�l� �a�n�d� 

�t�a�n�g�e�n�t� �v�e�c�t�o�r�s� �a�t� �t�h�e� �p�o�i�n�t� �o�f� �e�m�i�s�s�i�o�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�r�e�c�t�i�o�n� �c�o�s�i�n�e�s� �o�f� �t�h�e� 

�l�i�n�e� �a�l�o�n�g� �w�h�i�c�h� �t�h�e� �e�n�e�r�g�y� �b�u�n�d�l�e� �t�r�a�v�e�l�s�.� �N�o�t�e� �t�h�a�t� �i�n� �t�h�e� �c�u�r�r�e�n�t� �e�f�f�o�r�t� �t�h�e� �n�o�r�m�a�l� 

�v�e�c�t�o�r� �i�s� �c�h�o�s�e�n� �a�s� �t�h�e� �i�n�w�a�r�d� �n�o�r�m�a�l� �v�e�c�t�o�r�,� �a�n�d� �t�h�e� �t�a�n�g�e�n�t� �v�e�c�t�o�r� �i�s� �c�h�o�s�e�n� �s�u�c�h� 
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�t�h�a�t� �i�t� �i�s� �a�l�w�a�y�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �x�-�a�x�i�s� �o�f� �t�h�e� �l�o�c�a�l� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�.� 

�S�t�e�p� �2�:� �D�e�t�e�r�m�i�n�e� �t�h�e� �P�o�i�n�t� �o�f� �I�n�t�e�r�s�e�c�t�i�o�n� �o�f� �t�h�e� �E�m�i�t�t�e�d� �E�n�e�r�g�y� 

�B�u�n�d�l�e� �w�i�t�h� �t�h�e� �E�n�c�l�o�s�u�r�e� �W�a�l�l� 

�A�l�l� �p�o�s�s�i�b�l�e� �p�o�i�n�t�s� �o�f� �i�n�t�e�r�s�e�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �e�n�e�r�g�y� �b�u�n�d�l�e� �a�n�d� �t�h�e� 

�e�n�c�l�o�s�u�r�e� �a�r�e� �f�o�u�n�d� �b�y� �s�o�l�v�i�n�g� �a�n�a�l�y�t�i�c�a�l� �e�q�u�a�t�i�o�n�s� �d�e�s�c�r�i�b�i�n�g� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� 

�e�n�c�l�o�s�u�r�e� �a�n�d� �t�h�e� �l�i�n�e� �a�l�o�n�g� �w�h�i�c�h� �t�h�e� �e�n�e�r�g�y� �b�u�n�d�l�e� �i�s� �t�r�a�v�e�l�i�n�g�.� �T�h�i�s� �l�i�n�e� �c�a�n� �b�e� 

�e�x�p�r�e�s�s�e�d� �a�s� 

� � �-� �=� �=�T�,� �(�2�.�2�2�)� 

�w�h�e�r�e� �(�x�,�,� �¥�;�,� �Z�;�)� �i�s� �t�h�e� �p�o�i�n�t� �o�f� �e�m�i�s�s�i�o�n�,� �(�x�,�,� �y�2�,� �Z�,�)� �i�s� �t�h�e� �p�o�i�n�t� �o�f� �i�n�t�e�r�s�e�c�t�i�o�n� �o�f� �t�h�e� 

�l�i�n�e� �w�i�t�h� �t�h�e� �i�n�t�e�r�c�e�p�t�i�n�g� �s�u�r�f�a�c�e�,� �a�n�d� �/�,� �m�,� �n� �a�r�e� �t�h�e� �d�i�r�e�c�t�i�o�n� �c�o�s�i�n�e�s� �o�f� �t�h�e� �l�i�n�e�.� 

�I�n� �o�r�d�e�r� �t�o� �a�v�o�i�d� �t�h�e� �s�i�n�g�u�l�a�r� �c�a�s�e� �w�h�e�r�e� �o�n�e� �o�f� �t�h�e� �d�i�r�e�c�t�i�o�n� �c�o�s�i�n�e�s� �i�s� �e�q�u�a�l� �t�o� 

�z�e�r�o�,� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �v�a�r�i�a�b�l�e� �T� �i�s� �u�s�e�d� �t�o� �r�e�w�r�i�t�e� �E�q�u�a�t�i�o�n� �2�.�2�2� �a�s� 

�X�,�-�T�1�+�X�,�,� �(�2�.�2�2�.�1�)� 

�Y�>�=� �T�m�:� �Y�a�s� �(�2�.�2�2�.�2�)� 

�Z�,�=�T�N�+�Z�,�.� �(�2�.�2�2�.�3�)� 

�a�n�d� 

�T�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �E�q�u�a�t�i�o�n�s� �2�.�2�2�.�1� �t�h�r�o�u�g�h� �2�.�2�2�.�3� �i�n�t�o� �t�h�e� �a�n�a�l�y�t�i�c�a�l� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �2�8



�e�q�u�a�t�i�o�n� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �o�f� �i�n�t�e�r�c�e�p�t�i�o�n�,� �e�.� �g�.� �f� �(�x�2�,�y�2�,�Z�.�)� �=� �0�,� �y�i�e�l�d�s� �t�h�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �v�a�r�i�a�b�l�e� �7�.� �F�i�n�a�l�l�y�,� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �T� �b�a�c�k� �i�n�t�o� 

�E�q�u�a�t�i�o�n�s� �2�.�2�2�.�1� �t�h�r�o�u�g�h� �2�.�2�2�.�3� �y�i�e�l�d�s� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s� �(�x�,�,�y�2�,�Z�,�)� �o�f� �t�h�e� �p�o�i�n�t� �o�f� 

�i�n�t�e�r�s�e�c�t�i�o�n�.� 

�S�i�n�c�e� �o�n�l�y� �o�n�e� �p�o�i�n�t� �o�f� �i�n�t�e�r�s�e�c�t�i�o�n� �i�s� �p�h�y�s�i�c�a�l�l�y� �p�o�s�s�i�b�l�e�,� �a�l�l� �o�t�h�e�r�s� �a�r�e� 

�e�l�i�m�i�n�a�t�e�d�.� �T�h�i�s� �e�l�i�m�i�n�a�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �s�t�e�p�s�:� �(�1�)� �p�o�i�n�t�s� �o�f� �i�n�t�e�r�s�e�c�t�i�o�n� �t�h�a�t� �a�r�e� 

�n�o�t� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �e�m�i�t�t�i�n�g� �s�u�r�f�a�c�e�,� �a�s� �w�e�l�l� �a�s� �t�h�o�s�e� �t�h�a�t� �a�r�e� �l�o�c�a�t�e�d� �o�u�t�s�i�d�e� �o�r� �o�n� 

�t�h�e� �o�p�p�o�s�i�t�e� �s�i�d�e� �o�f� �t�h�e� �i�n�t�e�r�c�e�p�t�i�n�g� �s�u�r�f�a�c�e� �a�r�e� �f�i�r�s�t� �r�e�j�e�c�t�e�d�;� �t�h�e�n�,� �(�2�)� �t�h�e� 

�d�i�s�t�a�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �p�o�i�n�t� �o�f� �e�m�i�s�s�i�o�n� �a�n�d� �t�h�e� �r�e�m�a�i�n�i�n�g� �p�o�s�s�i�b�l�e� �p�o�i�n�t�s� �o�f� 

�i�n�t�e�r�s�e�c�t�i�o�n� �a�r�e� �f�o�u�n�d�,� �a�n�d� �t�h�e� �s�h�o�r�t�e�s�t� �o�f� �t�h�e�s�e� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �p�o�i�n�t� �o�f� 

�i�n�t�e�r�s�e�c�t�i�o�n�.� 

�S�t�e�p� �3�:� �D�e�t�e�r�m�i�n�e� �W�h�e�t�h�e�r� �t�h�e� �E�n�e�r�g�y� �B�u�n�d�l�e� �i�s� �A�b�s�o�r�b�e�d� �o�r� �R�e�f�l�e�c�t�e�d� 

�E�a�c�h� �s�u�r�f�a�c�e� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �i�t�s� �t�o�t�a�l� �a�b�s�o�r�p�t�i�v�i�t�y�.� �T�h�i�s� 

�a�b�s�o�r�p�t�i�v�i�t�y� �m�a�y� �b�e� �i�n�t�e�r�p�r�e�t�e�d� �a�s� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �a�n� �i�n�c�i�d�e�n�t� �e�n�e�r�g�y� �b�u�n�d�l�e� �w�i�l�l� 

�b�e� �a�b�s�o�r�b�e�d�.� �E�a�c�h� �t�i�m�e� �a�n� �e�n�e�r�g�y� �b�u�n�d�l�e� �i�n�t�e�r�c�e�p�t�s� �a� �s�u�r�f�a�c�e�,� �a� �r�a�n�d�o�m� �n�u�m�b�e�r� 

�u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �b�e�t�w�e�e�n� �z�e�r�o� �a�n�d� �u�n�i�t�y� �i�s� �d�r�a�w�n�.� �I�f� �t�h�a�t� �r�a�n�d�o�m� �n�u�m�b�e�r� �i�s� 

�l�e�s�s� �t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �a�b�s�o�r�p�t�i�v�i�t�y�,� �t�h�e� �e�n�e�r�g�y� �b�u�n�d�l�e� �i�s� �a�b�s�o�r�b�e�d� �b�y� 

�t�h�e� �s�u�r�f�a�c�e� �i�n� �q�u�e�s�t�i�o�n�.� �A� �c�o�u�n�t�e�r�,� �d�e�n�o�t�e�d� �N�,�,� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� 

�b�u�n�d�l�e�s� �e�m�i�t�t�e�d� �b�y� �s�u�r�f�a�c�e� �i� �a�n�d� �a�b�s�o�r�b�e�d� �b�y� �s�u�r�f�a�c�e� �j�,� �i�s� �i�n�c�r�e�m�e�n�t�e�d� �a�n�d� �t�h�e� 

�M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d� �r�e�t�u�r�n�s� �t�o� �S�t�e�p� �1�.� �I�f� �t�h�e� �r�a�n�d�o�m� �n�u�m�b�e�r� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �2�9



�a�b�s�o�r�t�i�v�i�t�y�,� �t�h�e� �e�n�e�r�g�y� �b�u�n�d�l�e� �i�s� �r�e�f�l�e�c�t�e�d� �a�n�d� �t�h�e� �t�y�p�e� �o�f� �r�e�f�l�e�c�t�i�o�n� �i�s� �d�e�t�e�r�m�i�n�e�d� 

�i�n� �S�t�e�p� �4�.� 

�S�t�e�p� �4�:� �D�e�t�e�r�m�i�n�e� �W�h�e�t�h�e�r� �t�h�e� �R�e�f�l�e�c�t�i�o�n� �i�s� �D�i�f�f�u�s�e� �o�r� �S�p�e�c�u�l�a�r� 

�E�a�c�h� �s�u�r�f�a�c�e� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �h�a�s� �a� �r�e�f�l�e�c�t�i�v�i�t�y� �r�a�t�i�o�,� �R�.� �T�h�e� �r�e�f�l�e�c�t�i�v�i�t�y� �r�a�t�i�o� 

�i�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �s�p�e�c�u�l�a�r� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�v�i�t�y� �t�o� �t�h�e� �s�u�m� �o�f� �t�h�e� �s�p�e�c�u�l�a�r� 

�a�n�d� �d�i�f�f�u�s�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �r�e�f�l�e�c�t�i�v�i�t�y�,� �t�h�a�t� �i�s� 

� � �R�=� �_�.�f� �(�2�.�2�3�)� 

�T�h�i�s� �r�e�f�l�e�c�t�i�v�i�t�y� �r�a�t�i�o� �m�a�y� �b�e� �i�n�t�e�r�p�r�e�t�e�d� �a�s� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �a� �r�e�f�l�e�c�t�i�o�n� �f�r�o�m� �t�h�e� 

�s�u�r�f�a�c�e� �i�n� �q�u�e�s�t�i�o�n� �i�s� �s�p�e�c�u�l�a�r�.� �A� �r�a�n�d�o�m� �n�u�m�b�e�r� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �b�e�t�w�e�e�n� 

�z�e�r�o� �a�n�d� �u�n�i�t�y� �i�s� �d�r�a�w�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �t�y�p�e� �o�f� �r�e�f�l�e�c�t�i�o�n�.� �I�f� �t�h�a�t� �r�a�n�d�o�m� �n�u�m�b�e�r� 

�i�s� �l�e�s�s� �t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �t�h�e� �r�e�f�l�e�c�t�i�v�i�t�y� �r�a�t�i�o�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �i�s� �s�p�e�c�u�l�a�r� �a�n�d� �t�h�e� �M�o�n�t�e�-� 

�C�a�r�l�o� �m�e�t�h�o�d� �c�o�n�t�i�n�u�e�s� �t�o� �S�t�e�p� �5�.� �O�t�h�e�r�w�i�s�e�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �i�s� �d�i�f�f�u�s�e� �a�n�d� �t�h�e� 

�p�r�o�c�e�s�s� �r�e�t�u�r�n�s� �t�o� �P�a�r�t� �1�.�2� �o�f� �S�t�e�p� �1�.� 

�S�t�e�p� �5�:� �D�e�t�e�r�m�i�n�e� �t�h�e� �D�i�r�e�c�t�i�o�n� �o�f� �S�p�e�c�u�l�a�r� �R�e�f�l�e�c�t�i�o�n� 

�I�n� �a� �s�p�e�c�u�l�a�r� �r�e�f�l�e�c�t�i�o�n�,� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �i�n�c�i�d�e�n�t� �e�n�e�r�g�y� �b�u�n�d�l�e� �a�n�d� 

�t�h�e� �l�o�c�a�l� �s�u�r�f�a�c�e� �n�o�r�m�a�l� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� �b�u�n�d�l�e� 

�a�n�d� �t�h�e� �l�o�c�a�l� �s�u�r�f�a�c�e� �n�o�r�m�a�l�,� �a�n�d� �t�h�e� �p�a�t�h�s� �o�f� �t�h�e� �i�n�c�i�d�e�n�t� �a�n�d� �r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �3�0



�b�u�n�d�l�e�s� �a�n�d� �t�h�e� �s�u�r�f�a�c�e� �n�o�r�m�a�l� �l�i�e� �i�n� �t�h�e� �s�a�m�e� �p�l�a�n�e�.� �F�r�o�m� �F�i�g�u�r�e� �9� �a�n�d� �v�e�c�t�o�r� 

�a�d�d�i�t�i�o�n�,� �t�h�e� �u�n�i�t� �v�e�c�t�o�r� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �s�p�e�c�u�l�a�r� �r�e�f�l�e�c�t�i�o�n� �i�s� 

�U�,�-� �U�,�-�2�(�U�,�-�n�)�n�,� �(�2�.�2�4�)� 

�w�h�e�r�e� �U�,� �i�s� �a� �u�n�i�t� �v�e�c�t�o�r� �a�l�o�n�g� �t�h�e� �p�a�t�h� �o�f� �t�h�e� �i�n�c�i�d�e�n�t� �e�n�e�r�g�y� �b�u�n�d�l�e�,� �U�,� �i�s� �a� �u�n�i�t� 

�v�e�c�t�o�r� �a�l�o�n�g� �t�h�e� �p�a�t�h� �o�f� �t�h�e� �r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� �b�u�n�d�l�e�,� �a�n�d� �n� �i�s� �t�h�e� �u�n�i�t� �s�u�r�f�a�c�e� 

�n�o�r�m�a�l� �a�t� �t�h�e� �p�o�i�n�t� �o�f� �i�n�c�i�d�e�n�c�e�.� �O�n�c�e� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �s�p�e�c�u�l�a�r� �r�e�f�l�e�c�t�i�o�n� �i�s� �k�n�o�w�n�,� 

�t�h�e� �p�r�o�c�e�s�s� �r�e�t�u�r�n�s� �t�o� �S�t�e�p� �2�.� 

�T�h�e� �f�i�v�e� �s�t�e�p�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �a�r�e� �r�e�p�e�a�t�e�d� �f�o�r� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� 

�b�u�n�d�l�e�s�.� �T�h�e� �f�i�n�a�l� �r�e�s�u�l�t�s� �a�r�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s�,� �e�s�t�i�m�a�t�e�d� �b�y� 

�D�,�- ��,� �(�2�.�2�5�)� 

�w�h�e�r�e� �N�;� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �e�m�i�t�t�e�d� �b�y� �s�u�r�f�a�c�e� �i� �t�h�a�t� �i�s� �a�b�s�o�r�b�e�d� �b�y� 

�s�u�r�f�a�c�e� �j�,� �a�n�d� �N�,� �i�s� �t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �e�m�i�t�t�e�d� �b�y� �s�u�r�f�a�c�e� �i�.� 

�M�o�n�t�e�-�C�a�r�l�o� �F�o�r�m�u�l�a�t�i�o�n� �3�1



�3�.�0� �T�h�e� �C�E�R�E�S� �M�A�M� �M�o�d�e�l� 

�3�.�1� �D�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M� �a�n�d� �I�t�s� �O�p�e�r�a�t�i�o�n� 

�A� �l�a�y�o�u�t� �o�f� �t�h�e� �C�E�R�E�S� �m�i�r�r�o�r� �a�t�t�e�n�u�a�t�o�r� �m�o�s�a�i�c� �(�M�A�M�)� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �6�.� 

�A� �p�e�r�s�p�e�c�t�i�v�e� �v�i�e�w� �o�f� �t�h�e� �s�o�l�a�r� �c�a�l�i�b�r�a�t�i�o�n� �m�o�d�u�l�e� �c�o�n�t�a�i�n�i�n�g� �t�w�o� �i�d�e�n�t�i�c�a�l� �M�A�M�'�s� 

�(�o�n�e� �f�o�r� �t�h�e� �s�h�o�r�t�w�a�v�e� �c�h�a�n�n�e�l� �a�n�d� �o�n�e� �f�o�r� �t�h�e� �t�o�t�a�l� �c�h�a�n�n�e�l�)� �i�s� �s�h�o�w�n� �i�n� �t�h�e� 

�u�p�p�e�r�-�r�i�g�h�t� �c�o�r�n�e�r� �o�f� �t�h�e� �f�i�g�u�r�e�.� �S�o�l�a�r� �c�a�l�i�b�r�a�t�i�o�n� �i�s� �n�o�t� �u�s�e�d� �f�o�r� �t�h�e� �a�t�m�o�s�p�h�e�r�i�c� 

�w�i�n�d�o�w� �c�h�a�n�n�e�l� �b�e�c�a�u�s�e� �e�n�e�r�g�y� �i�n� �t�h�i�s� �b�a�n�d� �r�e�p�r�e�s�e�n�t�s� �o�n�l�y� �0�.�5� �p�e�r�c�e�n�t� �o�f� �t�h�e� 

�s�o�l�a�r� �s�p�e�c�t�r�u�m�.� �T�h�e� �e�s�s�e�n�t�i�a�l� �e�l�e�m�e�n�t� �o�f� �t�h�e� �M�A�M� �f�a�c�i�l�i�t�y� �i�s� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�,� 

�w�h�i�c�h� �i�s� �a�n� �a�r�r�a�y� �o�f� �1�0�5� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s�,� �m�a�n�u�f�a�c�t�u�r�e�d� �o�n� �a� �3�.�8�1� �x� �3�.�8�1� �c�m� 

�a�l�u�m�i�n�u�m� �p�l�a�t�e�.� �E�a�c�h� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r� �h�a�s� �a� �r�a�d�i�u�s� �o�f� �1�.�5�8�7�5� �m�m�,� �a�n�d� �t�h�e� �d�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �c�e�n�t�e�r� �a�n�d� �t�h�e� �b�a�s�e� �o�f� �e�a�c�h� �m�i�r�r�o�r� �i�s� �1�.�1�9�3�8� �m�m�.� �T�h�e� �s�u�r�f�a�c�e� �a�r�e�a� 

�b�e�t�w�e�e�n� �t�h�e� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s� �i�s� �c�o�a�t�e�d� �w�i�t�h� �b�l�a�c�k� �p�a�i�n�t�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �m�i�r�r�o�r�s� 

�C�E�R�E�S� �M�A�M� �M�o�d�e�!� �3�2



�a�r�e� �c�o�n�s�i�d�e�r�e�d� �p�e�r�f�e�c�t�l�y� �s�p�e�c�u�l�a�r�,� �a�n�d� �t�h�e� �b�l�a�c�k� �p�a�i�n�t� �c�o�v�e�r�i�n�g� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� 

�c�o�n�s�i�d�e�r�e�d� �p�e�r�f�e�c�t�l�y� �b�l�a�c�k�.� �N�e�i�t�h�e�r� �a�s�s�u�m�p�t�i�o�n� �i�s� �t�r�u�e� �i�n� �r�e�a�l�i�t�y�,� �a�n�d� �d�e�v�i�a�t�i�o�n�s� 

�f�r�o�m� �t�h�e�s�e� �t�w�o� �a�s�s�u�m�p�t�i�o�n�s� �m�a�y� �b�e� �e�x�p�e�c�t�e�d� �t�o� �l�e�a�d� �t�o� �d�e�v�i�a�t�i�o�n�s� �b�e�t�w�e�e�n� 

�e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �a�n�d� �r�e�s�u�l�t�s� �p�r�e�d�i�c�t�e�d� �u�s�i�n�g� �t�h�e� �c�u�r�r�e�n�t� �m�o�d�e�l�.� 

�T�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �l�o�c�a�t�e�d� �i�n�s�i�d�e� �a�n� �e�n�c�l�o�s�u�r�e� �w�h�i�c�h� �c�o�n�s�i�s�t�s� �o�f� �a� �b�a�f�f�l�e�,� 

�a� �h�o�u�s�i�n�g�,� �a�n�d� �a� �m�o�u�n�t�i�n�g� �p�l�a�t�e� �b�e�t�w�e�e�n� �t�h�e� �M�A�M� �h�o�u�s�i�n�g� �a�n�d� �t�h�e� �r�a�d�i�o�m�e�t�e�r� 

�a�p�e�r�t�u�r�e�.� 

�T�h�e� �b�a�f�f�l�e� �i�s� �2�5�.�4�0� �c�m� �i�n� �l�e�n�g�t�h�,� �a�n�d� �i�t� �h�a�s� �a� �f�i�e�l�d� �o�f� �v�i�e�w� �o�f� �t� �4� �d�e�g�.� �T�h�i�s� �i�s� 

�t�o� �e�n�s�u�r�e� �t�h�a�t� �r�a�d�i�a�t�i�o�n� �s�t�r�i�k�i�n�g� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �n�o�t� �c�o�n�t�a�m�i�n�a�t�e�d� �b�y� �r�a�d�i�a�t�i�o�n� 

�e�m�i�t�t�e�d� �f�r�o�m� �o�r� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �s�p�a�c�e�c�r�a�f�t�.� �T�h�e� �b�a�f�f�l�e� �a�l�s�o� �h�a�s� �s�e�v�e�n� �a�p�e�r�t�u�r�e�s� 

�r�e�g�u�l�a�r�l�y� �s�p�a�c�e�d� �a�l�o�n�g� �i�t�s� �l�e�n�g�t�h� �t�o� �r�e�f�l�e�c�t� �o�r� �t�o� �a�b�s�o�r�b� �r�a�d�i�a�t�i�o�n�.� �T�h�e� �o�p�t�i�c�a�l� �a�x�i�s� 

�o�f� �t�h�e� �b�a�f�f�l�e� �i�s� �a�t� �a�n� �a�n�g�l�e� �o�f� �1�1� �d�e�g� �f�r�o�m� �t�h�e� �b�a�s�e�l�i�n�e� �o�f� �t�h�e� �s�p�a�c�e�c�r�a�f�t�.� �T�h�i�s� �b�a�f�f�l�e� 

�a�x�i�s� �i�s� �u�s�e�d� �a�s� �a� �r�e�f�e�r�e�n�c�e� �t�o� �m�e�a�s�u�r�e� �o�t�h�e�r� �a�n�g�l�e�s� �c�h�a�r�a�c�t�e�r�i�z�i�n�g� �t�h�e� �M�A�M� 

�g�e�o�m�e�t�r�y�.� �T�h�e� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t� �a�l�s�o� �f�o�l�l�o�w�s� �a�n� �u�n�e�x�p�e�c�t�e�d� �s�i�g�n� �c�o�n�v�e�n�t�i�o�n�:� 

�a�n�g�l�e�s� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �p�o�s�i�t�i�v�e�,� �w�h�i�l�e� �a�n�g�l�e�s� �a�b�o�v�e� �t�h�i�s� �a�x�i�s� 

�a�r�e� �n�e�g�a�t�i�v�e�.� 

�T�h�e� �M�A�M� �h�o�u�s�i�n�g� �i�s� �b�a�s�i�c�a�l�l�y� �a� �r�e�c�t�a�n�g�u�l�a�r� �b�o�x� �w�i�t�h� �a� �c�i�r�c�u�l�a�r� �o�p�e�n�i�n�g� �o�n� 

�o�n�e� �s�u�r�f�a�c�e� �t�o� �a�l�l�o�w� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�o� �r�e�a�c�h� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�.� �B�e�c�a�u�s�e� �t�h�e� �s�u�r�f�a�c�e� �c�o�n�t�a�i�n�i�n�g� �t�h�i�s� �c�i�r�c�u�l�a�r� �o�p�e�n�i�n�g� �i�s� �l�o�c�a�t�e�d� 

�o�n� �t�h�e� �i�n�s�i�d�e� �w�a�l�l� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e�,� �i�t� �i�s� �r�e�f�e�r�r�e�d� �t�o� �h�e�r�e� �a�s� �t�h�e� �"�i�n�t�e�r�i�o�r� �w�a�l�l�.�"� 

�B�e�t�w�e�e�n� �t�h�e� �M�A�M� �h�o�u�s�i�n�g� �a�n�d� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �i�s� �t�h�e� �m�o�u�n�t�i�n�g� �p�l�a�t�e�,� �w�h�i�c�h� 

�c�o�n�s�i�s�t�s� �o�f� �f�o�u�r� �p�l�a�n�a�r� �s�u�r�f�a�c�e�s� �a�n�d� �o�n�e� �c�i�r�c�u�l�a�r� �o�p�e�n�i�n�g�.� �T�h�i�s� �c�i�r�c�u�l�a�r� �o�p�e�n�i�n�g� 

�C�E�R�E�S� �M�A�M� �M�o�d�e�l� �3�3



�r�e�p�r�e�s�e�n�t�s� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �w�h�o�s�e� �d�i�a�m�e�t�e�r� �i�s� �2�.�2�1� �c�m� �a�n�d� �w�h�o�s�e� �a�x�i�s� �i�s� 

�a�t� �4�5� �d�e�g� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �p�r�o�x�i�m�i�t�y� �o�f� �t�h�e�s�e� �s�u�r�f�a�c�e�s� 

�w�i�t�h� �t�h�e� �r�a�d�i�o�m�e�t�e�r�,� �t�h�e�y� �a�r�e� �r�e�f�e�r�r�e�d� �t�o� �i�n� �t�h�i�s� �t�h�e�s�i�s� �a�s� �t�h�e� �"�r�a�d�i�o�m�e�t�e�r� �w�a�l�l�s�.�"� 

�E�x�c�e�p�t� �f�o�r� �t�h�e� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s� �o�n� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�,� �a�l�l� �o�t�h�e�r� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� 

�M�A�M� �e�n�c�l�o�s�u�r�e� �a�r�e� �c�o�a�t�e�d� �w�i�t�h� �C�h�e�m�g�l�a�z�e!"� �b�l�a�c�k� �p�a�i�n�t�,� �w�h�i�c�h� �i�s� �a�s�s�u�m�e�d� �t�o� 

�h�a�v�e� �a� �n�o�m�i�n�a�l� �a�b�s�o�r�p�t�i�v�i�t�y� �o�f� �a�b�o�u�t� �0�.�9�0� �a�n�d� �a� �r�e�f�l�e�c�t�i�v�i�t�y� �r�a�t�i�o� �o�f� �0�.�9�0�.� 

�D�u�r�i�n�g� �s�o�l�a�r� �c�a�l�i�b�r�a�t�i�o�n�,� �t�h�e� �s�h�o�r�t�w�a�v�e� �a�n�d� �t�o�t�a�l� �r�a�d�i�o�m�e�t�e�r�s� �f�i�r�s�t� �l�o�o�k� �a�t� �d�a�r�k� 

�s�p�a�c�e� �a�t� �t�h�e� �1�6�2�-�d�e�g� �p�o�s�i�t�i�o�n� �f�o�r� �a� �"�Z�e�r�o�"� �r�a�d�i�a�t�i�o�n� �r�e�f�e�r�e�n�c�e�,� �t�h�e�n� �r�o�t�a�t�e� �t�o� �t�h�e� 

�2�6�3�-�d�e�g� �s�o�l�a�r� �v�i�e�w� �p�o�s�i�t�i�o�n� �t�o� �s�t�a�r�e� �a�t� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �A�t� �t�h�i�s� �t�i�m�e�,� �t�h�e� �S�u�n� 

�b�e�g�i�n�s� �d�r�i�f�t�i�n�g� �i�n�s�i�d�e� �t�h�e� �f�i�e�l�d� �o�f� �v�i�e�w� �o�f� �t�h�e� �b�a�f�f�l�e�,� �f�r�o�m� �+� �4� �d�e�g� �(�b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� 

�a�x�i�s�)� �t�o� �-� �4� �d�e�g� �(�a�b�o�v�e� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�)�.� �D�u�r�i�n�g� �t�h�e� �S�u�n� �c�r�o�s�s�i�n�g� �p�e�r�i�o�d�,� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n� �e�n�t�e�r�s� �t�h�e� �b�a�f�f�l�e� �a�n�d� �i�l�l�u�m�i�n�a�t�e�s� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�,� �w�h�i�c�h� �r�e�f�l�e�c�t�s� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n� �b�a�c�k� �i�n�t�o� �t�h�e� �h�e�m�i�s�p�h�e�r�i�c�a�l� �s�p�a�c�e� �i�n� �f�r�o�n�t� �o�f� �i�t�.� �O�n�l�y� �a� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� 

�r�e�f�l�e�c�t�e�d� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�a�c�h�e�s� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�.� �T�h�i�s� �f�r�a�c�t�i�o�n� �o�f� �e�n�e�r�g�y� 

�i�s� �m�e�a�s�u�r�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�e�n� 

�a�s� �t�h�e� �S�u�n� �c�r�o�s�s�e�s� �o�u�t� �o�f� �t�h�e� �b�a�f�f�l�e� �f�i�e�l�d� �o�f� �v�i�e�w�,� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s� �s�t�i�l�l� �l�o�o�k� �a�t� �t�h�e� 

�d�i�f�f�u�s�e�r� �p�l�a�t�e� �w�i�t�h� �n�o� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �i�n�c�i�d�e�n�t� �o�n� �i�t�.� �T�h�i�s� �i�s� �u�s�e�d� �t�o� �d�e�t�e�c�t� �t�h�e� �t�h�e�r�m�a�l� 

�r�a�d�i�a�t�i�o�n� �n�o�i�s�e� �f�r�o�m� �a�l�l� �t�h�e� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �M�A�M� �e�n�c�l�o�s�u�r�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� 

�t�h�e� �t�h�e�r�m�a�l� �n�o�i�s�e� �a�n�d� �t�h�e� �s�i�g�n�a�l� �p�r�o�d�u�c�e�d� �u�n�d�e�r� �f�u�l�l� �s�u�n�l�i�g�h�t� �i�s� �u�s�e�d� �t�o� �r�e�-�e�v�a�l�u�a�t�e� 

�t�h�e� �r�a�d�i�o�m�e�t�e�r� �r�e�s�p�o�n�s�i�v�i�t�i�e�s�.� 

�A�s� �m�e�n�t�i�o�n�e�d� �i�n� �C�h�a�p�t�e�r� �2�,� �p�r�e�l�i�m�i�n�a�r�y� �w�o�r�k� �i�s� �r�e�q�u�i�r�e�d� �b�e�f�o�r�e� �t�h�e� �M�o�n�t�e�-� 

�C�a�r�l�o� �m�e�t�h�o�d� �c�a�n� �b�e� �a�p�p�l�i�e�d�.� �T�h�i�s� �w�o�r�k� �c�o�n�s�i�s�t�s� �o�f� �d�e�f�i�n�i�n�g� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s� �o�f� 
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�p�o�i�n�t�s� �m�a�k�i�n�g� �u�p� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e�.� �T�h�e�n� �t�h�e� �e�n�c�l�o�s�u�r�e� �i�s� �s�u�b�d�i�v�i�d�e�d� 

�i�n�t�o� �b�a�s�i�c� �s�u�r�f�a�c�e�s� �s�u�c�h� �a�s� �r�e�c�t�a�n�g�l�e�s�,� �t�r�i�a�n�g�l�e�s�,� �a�n�d� �d�i�s�k�s� �t�o� �e�n�s�u�r�e� �u�n�i�f�o�r�m� 

�e�m�i�s�s�i�o�n� �f�r�o�m� �e�a�c�h� �s�u�r�f�a�c�e� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e�,� �t�h�e� �C�E�R�E�S� �M�A�M� �h�a�s� �5�1� �o�f� �t�h�e�s�e� 

�s�u�r�f�a�c�e�s� �i�n� �a�d�d�i�t�i�o�n� �t�o� �1�0�5� �s�p�h�e�r�i�c�a�l� �s�u�r�f�a�c�e�s� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �m�i�r�r�o�r�s�.� �T�h�i�s� �s�u�r�f�a�c�e� 

�s�u�b�d�i�v�i�s�i�o�n� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �7�.� �F�i�n�a�l�l�y�,� �e�a�c�h� �s�u�r�f�a�c�e� �i�s� �s�u�b�d�i�v�i�d�e�d� �i�n�t�o� �a�r�e�a� 

�e�l�e�m�e�n�t�s�.� �A� �m�a�x�i�m�u�m� �o�f� �1�2�0�0� �a�r�e�a� �e�l�e�m�e�n�t�s� �c�a�n� �b�e� �a�u�t�o�m�a�t�i�c�a�l�l�y� �g�e�n�e�r�a�t�e�d� �f�o�r� 

�e�a�c�h� �s�u�r�f�a�c�e�,� �i�.� �e�.� �t�h�e� �e�n�c�l�o�s�u�r�e� �c�a�n� �b�e� �s�u�b�d�i�v�i�d�e�d� �i�n�t�o� �a� �t�o�t�a�l� �o�f� �a�b�o�u�t� �6�0�,�0�0�0� �a�r�e�a� 

�e�l�e�m�e�n�t�s�.� �A�n� �e�x�a�m�p�l�e� �o�f� �a�n� �a�b�o�u�t� �5�,�0�0�0�-�a�r�e�a�-�e�l�e�m�e�n�t� �s�u�b�d�i�v�i�s�i�o�n� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �1�0�.� 

�3�.�2� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �M�e�t�h�o�d� 

�F�r�o�m� �t�h�i�s� �p�o�i�n�t� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d� �c�a�n� �b�e� �a�p�p�l�i�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�n�t�o� �t�h�e� �M�A�M� �e�n�c�l�o�s�u�r�e�.� 

�T�h�i�s� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �e�m�i�t�t�i�n�g� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �f�r�o�m� �a� �g�i�v�e�n� �s�u�r�f�a�c�e�,� �a�n�d� �b�y� 

�f�o�l�l�o�w�i�n�g� �t�h�e�s�e� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �u�n�t�i�l� �t�h�e�y� �a�r�e� �a�b�s�o�r�b�e�d� �b�y� �a�r�e�a� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� 

�e�n�c�l�o�s�u�r�e�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �p�r�o�c�e�s�s� �a�r�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e�.� 

�N�o�t�i�n�g� �t�h�a�t� �t�h�e� �p�o�w�e�r� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �e�n�t�e�r�i�n�g� �t�h�e� �e�n�c�l�o�s�u�r�e�,� �d�e�n�o�t�e�d� �Q�,� 

�a�n�d� �e�x�p�r�e�s�s�e�d� �i�n� �w�a�t�t�s�,� �c�a�n� �b�e� �d�e�f�i�n�e�d� �a�s� 
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�Q�,� �=� �A�p� �G�e�u�n� �C�O�S� �8�,� �(�3�.�1�)� 
�s�u�n� 

�w�h�e�r�e� �A�,� �i�s� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g� �i�n� �m�?�,� �q�,�,�,� �i�s� �t�h�e� �n�o�r�m�a�l� �s�o�l�a�r� �f�l�u�x� 

�i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �t�o�p� �o�f� �t�h�e� �a�t�m�o�s�p�h�e�r�e� �(�1�3�6�8� �W�m ��)�,� �a�n�d� �6� �i�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� 

�t�h�e� �n�o�r�m�a�l� �o�f� �t�h�e� �b�a�f�f�l�e� �a�p�e�r�t�u�r�e� �a�n�d� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �f�l�u�x� �v�e�c�t�o�r�.� �T�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s�,� �D�y�,� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �e�n�e�r�g�y� �e�m�i�t�t�e�d� �f�r�o�m� �t�h�e� �b�a�f�f�l�e� 

�o�p�e�n�i�n�g� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �v�e�c�t�o�r� �a�n�d� �a�b�s�o�r�b�e�d� �b�y� �a�n� �a�r�e�a� �e�l�e�m�e�n�t� �J�j�,� �c�a�n� 

�b�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �a�m�o�u�n�t� �o�f� �s�o�l�a�r� �p�o�w�e�r� �a�b�s�o�r�b�e�d� �b�y� �t�h�a�t� �a�r�e�a� �e�l�e�m�e�n�t� �j�,� 

�d�e�n�o�t�e�d� �Q�,�;�;� �t�h�a�t� �i�s� 

�Q�y� �=� �A�o� �A�s�u�n� �C�O�S� �8� �D�a�y�,� �(�3�.�2�)� 

�w�h�e�r�e� �A�,� �I�s� �t�h�e� �b�a�f�f�l�e� �a�p�e�r�t�u�r�e� �a�r�e�a� �a�n�d� �q�,�,�,�,� �i�s� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�o�l�a�r� �f�l�u�x� �v�e�c�t�o�r� 

�i�n�c�i�d�e�n�t� �t�o� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g�.� �T�h�u�s�,� �t�h�i�s� �a�m�o�u�n�t� �o�f� �s�o�l�a�r� �p�o�w�e�r� �d�i�v�i�d�e�d� �b�y� �t�h�e� 

�s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �a�r�e�a� �e�l�e�m�e�n�t� �j�,� �A�,�,� �i�s� �t�h�e� �s�o�l�a�r� �f�l�u�x� �a�b�s�o�r�b�e�d� �b�y� �t�h�a�t� �a�r�e�a� 

�e�l�e�m�e�n�t�,� �w�h�i�c�h� �i�s� 

�G�o�i� �=� �=� �=� �s�u�n� �=� �C�O�S� �8� �D�y� �-� �(�3�.�3�)� 

�A� �F�O�R�T�R�A�N� �p�r�o�g�r�a�m�,� �n�a�m�e�d� �C�E�R�E�S�M�A�M� �a�n�d� �p�r�e�s�e�n�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�,� 

�h�a�s� �b�e�e�n� �w�r�i�t�t�e�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M� �g�e�o�m�e�t�r�y� 

�a�n�d� �t�h�e� �s�o�l�a�r� �f�l�u�x� �d�i�s�t�r�i�b�u�t�i�o�n� �o�n� �t�h�a�t� �g�e�o�m�e�t�r�y� �a�c�c�o�r�d�i�n�g� �t�o� �E�q�u�a�t�i�o�n� �3�.�3�.� �T�h�i�s� 

�p�r�o�g�r�a�m� �c�a�n� �b�e� �o�p�e�r�a�t�e�d� �i�n� �t�w�o� �m�o�d�e�s�:� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� 
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�t�h�a�t� �r�e�a�c�h�e�s� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �a�n�g�l�e� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �e�n�t�e�r�i�n�g� �t�h�e� 

�b�a�f�f�l�e� �a�p�e�r�t�u�r�e�,� �a�n�d� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� 

�t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�n� �t�h�e� �e�n�t�i�r�e� �M�A�M� �e�n�c�l�o�s�u�r�e� �f�o�r� �a� �g�i�v�e�n� �d�i�r�e�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� 

�i�n�c�i�d�e�n�t� �o�n� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �O�n�l�y� �a� �l�i�m�i�t�e�d� �n�u�m�b�e�r� �o�f� �v�a�r�i�a�b�l�e�s� �s�u�c�h� �a�s� �t�h�e� �t�o�t�a�l� 

�n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �e�m�i�t�t�e�d�,� �t�h�e� �p�o�s�i�t�i�o�n� �o�r� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�a�n�d� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�x�i�s�,� �a�n�d� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �i�n�c�i�d�e�n�t� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �a�r�e� �u�s�e�r�-� 

�d�e�f�i�n�e�d�:� �h�o�w�e�v�e�r�,� �a�l�l� �o�t�h�e�r� �d�i�m�e�n�s�i�o�n�a�l� �a�s� �w�e�l�l� �a�s� �r�a�d�i�a�t�i�v�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� 

�C�E�R�E�S� �M�A�M� �m�a�y� �b�e� �e�a�s�i�l�y� �v�a�r�i�e�d� �f�o�r� �a� �p�a�r�a�m�e�t�r�i�c� �s�t�u�d�y�.� 

�T�h�e� �c�o�m�p�u�t�e�r� �c�o�d�e� �C�E�R�E�S�M�A�M� �c�a�n� �e�m�i�t� �6�0� �m�i�l�l�i�o�n� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �o�f� �a�l�l� �t�h�e� �a�r�e�a� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �M�A�M� �e�n�c�l�o�s�u�r�e�,� �f�o�r� 

�a� �g�i�v�e�n� �i�n�c�i�d�e�n�t� �s�o�l�a�r� �d�i�r�e�c�t�i�o�n� �e�n�t�e�r�i�n�g� �t�h�e� �M�A�M� �b�a�f�f�l�e�,� �i�n� �l�e�s�s� �t�h�a�n� �2� �h�r� �r�u�n�n�i�n�g� �o�n� 

�a�n� �I�B�M� �R�S�/�6�0�0�0� �m�o�d�e�l� �5�6�0�.� �N�o�t�e� �t�h�a�t� �6�0� �m�i�l�l�i�o�n� �i�s� �n�o�t� �t�h�e� �m�i�n�i�m�u�m� �n�u�m�b�e�r� �o�f� 

�e�n�e�r�g�y� �b�u�n�d�l�e�s� �n�e�e�d�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �w�i�t�h� �p�r�e�c�i�s�i�o�n� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� 

�r�e�f�l�e�c�t�e�d� �t�o� �t�h�e� �e�n�t�i�r�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�.� �T�h�e� �r�e�s�u�l�t� �c�o�n�v�e�r�g�e�s� �t�o� 

�a�n� �a�c�c�e�p�t�a�b�l�e� �a�c�c�u�r�a�c�y� �w�h�e�n� �a�b�o�u�t� �1�0� �m�i�l�l�i�o�n� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �a�r�e� �e�m�i�t�t�e�d�,� �a�s� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �2� �a�n�d� �i�n� �F�i�g�u�r�e� �1�1�.� �T�h�a�t� �m�e�a�n�s� �t�h�a�t� �t�h�e� �p�r�o�g�r�a�m� �C�E�R�E�S�M�A�M� �i�s� 

�c�a�p�a�b�l�e� �o�f� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �i�n� �l�e�s�s� �t�h�a�n� �2�0� �m�i�n�!� 

�H�o�w�e�v�e�r�,� �a� �c�o�r�r�e�c�t� �p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�n�e�r�g�y� �o�n� �t�h�e� �e�n�c�l�o�s�u�r�e� 

�r�e�q�u�i�r�e�s� �a� �g�r�e�a�t� �n�u�m�b�e�r� �o�f� �s�u�b�d�i�v�i�d�e�d� �a�r�e�a� �e�l�e�m�e�n�t�s�.� �F�o�r�a� �s�u�b�d�i�v�i�s�i�o�n� �o�f� �a�b�o�u�t� 

�5�0�0�0� �a�r�e�a� �e�l�e�m�e�n�t�s�,� �6�0� �m�i�l�l�i�o�n� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �n�e�e�d�e�d� �f�o�r� �a�l�l� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �t�o� �c�o�n�v�e�r�g�e�.� 

�F�o�r� �a� �p�a�r�a�m�e�t�r�i�c� �s�t�u�d�y�,� �f�o�r� �e�x�a�m�p�l�e� �a� �s�t�u�d�y� �o�f� �t�h�e� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �a�b�s�o�r�b�e�d� 

�C�E�R�E�S� �M�A�M� �M�o�d�e�l� �3�7



�b�y� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e�,� �P�r�o�g�r�a�m� �C�E�R�E�S�M�A�M� �c�a�n� �b�e� 

�i�m�p�l�e�m�e�n�t�e�d� �o�n� �a� �n�e�t�w�o�r�k� �o�f� �s�e�v�e�r�a�l� �C�P�U�'�s� �u�s�i�n�g� �m�u�l�t�i�-�C�P�U� �p�r�o�c�e�s�s�i�n�g�.� �O�n� �s�u�c�h� 

�a� �n�e�t�w�o�r�k�,� �n�u�m�e�r�i�c�a�l� �v�a�l�u�e�s� �o�f� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �c�a�n� �b�e� �d�e�f�i�n�e�d� �s�e�p�a�r�a�t�e�l�y� �f�o�r� �e�a�c�h� 

�C�P�U� �t�o� �r�u�n� �i�n�d�e�p�e�n�d�e�n�t�l�y� �o�f� �a�l�l� �t�h�e� �o�t�h�e�r�s� �o�n� �t�h�e� �n�e�t�w�o�r�k�.� �T�h�e�n� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� 

�e�a�c�h� �t�e�r�m�i�n�a�l� �a�r�e� �w�r�i�t�t�e�n� �t�o� �a� �c�o�m�m�o�n� �o�u�t�p�u�t� �f�i�l�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �o�n� �a� �n�e�t�w�o�r�k� 

�c�o�n�s�i�s�t�i�n�g� �o�f� �o�n�e� �I�B�M� �R�S�/�6�0�0�0� �m�o�d�e�l� �5�6�0�,� �o�n�e� �I�B�M� �R�S�/�6�0�0�0� �m�o�d�e�l� �5�3�0�,� �a�n�d� �e�i�g�h�t� 

�I�B�M� �R�S�/�6�0�0�0� �m�o�d�e�l� �2�2�0�'�s�,� �a� �p�a�r�a�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �u�s�i�n�g� �9�6�0� �m�i�l�l�i�o�n� �e�n�e�r�g�y� �b�u�n�d�l�e�s� 

�t�a�k�e�s� �8� �h�r�t�o� �r�u�n�.� �T�h�e� �s�a�m�e� �p�a�r�a�m�e�t�r�i�c� �s�t�u�d�y� �w�o�u�l�d� �t�a�k�e� �3�2� �h�r� �t�o� �c�o�m�p�l�e�t�e� �o�n� �o�n�e� 

�I�B�M� �R�S�/�6�0�0�0� �m�o�d�e�l� �5�6�0�.� �T�h�e� �g�a�i�n� �o�f� �t�i�m�e� �i�s� �o�n�l�y� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �f�o�u�r� �b�e�c�a�u�s�e� �t�h�e� 

�o�p�e�r�a�t�i�n�g� �s�p�e�e�d� �o�f� �t�h�e� �2�2�0� �m�o�d�e�l�s� �i�s� �o�n�l�y� �o�n�e�-�t�h�i�r�d� �t�h�a�t� �o�f� �t�h�e� �m�o�d�e�l� �5�6�0�.� 

�C�E�R�E�S� �M�A�M� �M�o�d�e�l� �3�8



�4�.�0� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�4�.�1� �V�a�l�i�d�a�t�i�o�n� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M� �M�o�d�e�l� 

�A� �c�o�m�p�l�e�t�e� �p�e�r�f�o�r�m�a�n�c�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M� �h�a�s� �b�e�e�n� 

�p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �t�h�e�r�m�a�l� �m�o�d�e�l� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �3�.� �T�h�i�s� 

�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �t�w�o� �t�y�p�e�s� �o�f� �s�t�u�d�y�:� �(�1�)� �p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� 

�f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �a�n�d� �(�2�)� �p�r�e�d�i�c�t�i�o�n� �o�f� 

�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�e�f�l�e�c�t�e�d� �r�a�d�i�a�t�i�o�n� �o�n� �t�h�e� �e�n�t�i�r�e� �C�E�R�E�S� �M�A�M� �e�n�c�l�o�s�u�r�e�.� �T�h�e� �f�i�r�s�t� 

�s�t�u�d�y� �i�s� �u�s�e�d� �t�o� �o�r�i�e�n�t� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �d�e�p�e�n�c�e� �o�f� �t�h�e� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �o�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �v�e�c�t�o�r�.� �T�h�e� �s�e�c�o�n�d� 

�t�y�p�e� �o�f� �s�t�u�d�y� �p�r�e�d�i�c�t�s� �t�h�e� �r�a�d�i�a�t�i�o�n� �f�l�u�x� �a�b�s�o�r�b�e�d� �b�y� �e�a�c�h� �a�r�e�a� �e�l�e�m�e�n�t� �o�f� �t�h�e� 

�e�n�c�l�o�s�u�r�e� �a�n�d� �i�s� �u�s�e�d� �t�o� �v�e�r�i�f�y� �t�h�e� �s�e�c�o�n�d� �s�p�e�c�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �M�A�M�,� �w�h�i�c�h� �i�s� �t�h�a�t� 

�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� �a�t� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �m�u�s�t� �b�e� �u�n�i�f�o�r�m� 

�a�c�r�o�s�s� �t�h�e� �a�r�e�a� �o�f� �t�h�e� �a�p�e�r�t�u�r�e�.� �T�h�e�s�e� �t�w�o� �t�y�p�e�s� �o�f� �s�t�u�d�y� �p�l�a�y� �i�m�p�o�r�t�a�n�t� �r�o�l�e�s� �i�n� 

�p�r�e�d�i�c�t�i�n�g� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �M�A�M�,� �i�n�c�l�u�d�i�n�g� �p�r�e�d�i�c�t�i�n�g� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�a�c�k� �i�n�t�o� �s�p�a�c�e� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �T�h�i�s� �l�a�t�t�e�r� �i�s� �i�m�p�o�r�t�a�n�t� �i�n� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �3�9



�o�r�d�e�r� �t�o� �m�i�n�i�m�i�z�e� �h�e�a�t�i�n�g� �o�f� �t�h�e� �M�A�M� �c�a�v�i�t�y�.� �A� �h�o�t� �M�A�M� �c�a�v�i�t�y� �l�e�a�d�s� �t�o� �t�h�e�r�m�a�l� 

�c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�a�l�i�b�r�a�t�i�o�n� �s�i�g�n�a�l�.� 

�B�e�c�a�u�s�e� �t�h�e� �C�E�R�E�S� �M�A�M� �i�s� �s�t�i�l�l� �u�n�d�e�r� �d�e�v�e�l�o�p�m�e�n�t ��i�t�s� �f�i�r�s�t� �u�s�e� �i�s� 

�s�c�h�e�d�u�l�e�d� �f�o�r� �1�9�9�7 ��n�e�i�t�h�e�r� �g�r�o�u�n�d� �n�o�r� �f�l�i�g�h�t� �d�a�t�a� �a�r�e� �a�v�a�i�l�a�b�l�e� �a�t� �t�h�i�s� �t�i�m�e�.� 

�H�o�w�e�v�e�r�,� �g�r�o�u�n�d� �a�n�d� �f�l�i�g�h�t� �d�a�t�a� �f�r�o�m� �t�h�e� �E�R�B�E� �M�A�M� �a�r�e� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� 

�T�h�e� �m�a�i�n� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �C�E�R�E�S� �M�A�M� �a�n�d� �t�h�e� �E�R�B�E� �M�A�M� �i�s� �t�h�e� �p�r�e�s�e�n�c�e� 

�o�f� �a� �b�l�a�c�k� �m�a�s�k� �c�o�v�e�r�i�n�g� �t�h�e� �a�r�e�a� �b�e�t�w�e�e�n� �t�h�e� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �E�R�B�E� �M�A�M�.� �W�i�t�h� �t�h�i�s� �i�n� �m�i�n�d�,� �d�a�t�a� �f�r�o�m� �t�h�e� �E�R�B�E� �M�A�M� �c�a�n� �b�e� 

�u�s�e�d� �a�s� �a� �f�i�r�s�t� �c�h�e�c�k� �o�f� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l�.� �F�i�g�u�r�e�s� �1�2�(�a�)� �a�n�d� 

�1�2�(�b�)� �s�h�o�w� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �E�R�B�E� �r�a�d�i�o�m�e�t�e�r�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� 

�i�n� �d�e�g�r�e�e�s�,� �w�h�e�r�e� �t�h�e� �s�u�r�f�a�c�e� �n�o�r�m�a�l� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �a�t� �1�5� �d�e�g� �b�e�l�o�w� �t�h�e� 

�b�a�f�f�l�e� �a�x�i�s�.� �M�e�a�s�u�r�e�m�e�n�t�s� �f�r�o�m� �g�r�o�u�n�d� �t�e�s�t� �c�a�s�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�.� �1�2�(�a�)�,� �a�n�d� 

�t�h�o�s�e� �f�r�o�m� �f�l�i�g�h�t� �d�a�t�a� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�.� �1�2�(�b�)�.� �A�l�l� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �n�o�r�m�a�l�i�z�e�d� 

�b�y� �t�h�e� �m�a�x�i�m�u�m� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �t�h�r�e�e� �M�A�M�'�s� �u�s�e�d� �o�n� 

�N�O�A�A�-�S�,� �N�O�A�A�-�1�0�,� �a�n�d� �E�R�B�S� �a�r�e� �s�u�p�p�o�s�e�d� �t�o� �b�e� �i�d�e�n�t�i�c�a�l�,� �t�h�e� �r�e�s�p�o�n�s�e� �f�r�o�m� 

�e�a�c�h� �M�A�M� �v�a�r�i�e�s� �f�r�o�m� �o�n�e� �t�o� �t�h�e� �o�t�h�e�r�.� �T�h�i�s� �i�s� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �m�a�n�u�f�a�c�t�u�r�i�n�g� 

�t�o�l�e�r�a�n�c�e�s�,� �e�s�p�e�c�i�a�l�l�y� �d�u�e� �t�o� �s�l�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� 

�B�u�t� �t�h�e�s�e� �d�a�t�a�,� �e�i�t�h�e�r� �f�r�o�m� �g�r�o�u�n�d� �t�e�s�t� �o�r� �f�r�o�m� �f�l�i�g�h�t�,� �c�l�e�a�r�l�y� �s�h�o�w� �a� �d�e�c�r�e�a�s�i�n�g� 

�r�a�d�i�o�m�e�t�e�r� �r�e�s�p�o�n�s�e� �f�o�r� �i�n�c�r�e�a�s�i�n�g� �s�o�l�a�r� �a�n�g�l�e� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �p�l�a�n�e�.� 

�T�h�e� �F�i�g�u�r�e� �1�3� �s�h�o�w�s� �t�h�e� �c�o�n�v�e�n�t�i�o�n� �u�s�e�d� �f�o�r� �s�p�e�c�i�f�y�i�n�g� �t�h�e� �a�n�g�l�e�s� �b�e�t�w�e�e�n� 

�t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�d� �t�h�e� �i�n�c�o�m�i�n�g� �s�o�l�a�r� �e�n�e�r�g�y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�i�s� 

�f�i�g�u�r�e� �a�l�s�o� �d�e�f�i�n�e�s� �t�h�e� �v�e�r�t�i�c�a�l� �p�l�a�n�e� �a�n�d� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �p�l�a�n�e�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�0



�F�o�r� �c�o�m�p�a�r�i�s�o�n� �p�u�r�p�o�s�e�s�,� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l� �i�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� 

�f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�s�o�l�a�r� �a�n�g�l�e� �v�a�r�y�i�n�g� �f�r�o�m� �-�1�0� �t�o� �+�5� �d�e�g�.� �T�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �a�l�s�o� 

�s�e�t� �a�t� �1�5� �d�e�g� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �t�o� �p�r�e�s�e�r�v�e� �t�h�e� �s�i�m�i�l�a�r�i�t�y� �b�e�t�w�e�e�n� �t�h�e� �E�R�B�E� �a�n�d� 

�C�E�R�E�S� �M�A�M� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� 

�E�R�B�E� �M�A�M� �f�l�i�g�h�t� �d�a�t�a� �f�r�o�m� �F�i�g�u�r�e� �1�2� �(�b�)� �a�n�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� 

�r�a�y�-�t�r�a�c�e� �m�o�d�e�l� �a�r�e� �p�l�o�t�t�e�d� �i�n� �t�h�e� �s�a�m�e� �g�r�a�p�h� �i�n� �F�i�g�u�r�e� �1�4�.� �T�h�e� �s�o�l�a�r� �a�n�g�l�e� �i�n� 

�d�e�g�r�e�e�s� �i�s� �s�h�o�w�n� �a�l�o�n�g� �t�h�e� �x�-�a�x�i�s�,� �w�h�i�l�e� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� �b�y� 

�t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �h�i�g�h�e�s�t� �v�a�l�u�e� �a�n�d� �e�x�p�r�e�s�s�e�d� �i�n� �p�e�r�c�e�n�t�,� 

�i�s� �p�l�o�t�t�e�d� �o�n� �t�h�e� �y�-�a�x�i�s�.� �T�h�e� �d�a�s�h�e�d� �l�i�n�e�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �E�R�B�E� �f�l�i�g�h�t� �d�a�t�a� �a�n�d� �t�h�e� 

�s�o�l�i�d� �c�u�r�v�e� �i�s� �t�h�e� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l�.� �A�l�t�h�o�u�g�h� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� 

�m�o�d�e�l� �d�o� �n�o�t� �p�e�r�f�e�c�t�l�y� �c�o�n�f�o�r�m� �t�h�e� �f�l�i�g�h�t� �d�a�t�a�,� �t�h�e� �t�r�e�n�d� �o�f� �d�e�c�r�e�a�s�i�n�g� �r�e�s�p�o�n�s�e� 

�w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�o�l�a�r� �a�n�g�l�e� �i�s� �s�e�e�n� �b�o�t�h� �i�n� �t�h�e� �f�l�i�g�h�t� �d�a�t�a� �a�n�d� �i�n� �t�h�e� �p�r�e�d�i�c�t�i�o�n�.� 

�4�.�2� �R�a�d�i�a�t�i�v�e� �A�n�a�l�y�s�i�s� 

�A� �r�a�d�i�a�t�i�v�e� �a�n�a�l�y�s�i�s� �c�o�n�s�i�s�t�i�n�g� �o�f� �d�e�f�i�n�i�n�g� �t�h�e� �h�e�a�t� �f�l�u�x� �r�e�c�e�i�v�e�d� �b�y� �a�l�l� �a�r�e�a� 

�e�l�e�m�e�n�t�s� �o�f� �t�h�e� �M�A�M� �e�n�c�l�o�s�u�r�e� �d�u�e� �t�o� �s�o�l�a�r� �i�n�c�i�d�e�n�t� �t�o� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g� �a�l�o�n�g� �t�h�e� 

�b�a�f�f�l�e� �a�x�i�s� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e�s� �1�5� �a�n�d� �1�6�.� �F�i�g�u�r�e� �1�5� �s�h�o�w�s� �a� �c�u�t�-�a�w�a�y� �v�i�e�w� �o�f� 

�t�h�e� �C�E�R�E�S� �M�A�M� �f�o�r� �a�n� �o�b�s�e�r�v�e�r� �l�o�c�a�t�e�d� �i�n� �f�r�o�n�t� �o�f� �a�n�d� �a�b�o�v�e� �t�h�e� �e�n�c�l�o�s�u�r�e�,� �w�h�i�l�e� 

�F�i�g�u�r�e� �1�6� �i�s� �v�i�e�w�e�d� �f�r�o�m� �t�h�e� �b�a�c�k� �a�n�d� �a�b�o�v�e� �t�h�e� �s�a�m�e� �e�n�c�l�o�s�u�r�e�.� �T�h�e�s�e� �t�w�o� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�1



�f�i�g�u�r�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �t�o� �v�e�r�i�f�y� �t�h�a�t� �a�l�l� �i�n�t�e�r�n�a�l� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �h�a�v�e� �t�w�o� 

�s�i�d�e�s� �a�n�d� �t�h�a�t� �t�h�e�y� �a�r�e� �c�o�r�r�e�c�t�l�y� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �m�o�d�e�l�.� �I�n� �t�h�e�s�e� 

�f�i�g�u�r�e�s�,� �t�h�e� �h�e�a�t� �f�l�u�x� �a�b�s�o�r�b�e�d� �b�y� �e�a�c�h� �a�r�e�a� �e�l�e�m�e�n�t� �i�s� �p�r�e�s�e�n�t�e�d� �b�y� �a� �c�o�l�o�r� �s�c�a�l�e� 

�f�r�o�m� �d�a�r�k� �b�l�u�e� �t�o� �r�e�d�,� �w�h�e�r�e� �r�e�d� �s�h�o�w�s� �a�r�e�a�s� �w�i�t�h� �h�i�g�h� �h�e�a�t� �f�l�u�x�e�s� �a�n�d� �d�a�r�k� �b�l�u�e� 

�s�h�o�w�s� �a�r�e�a�s� �w�i�t�h� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �h�e�a�t� �f�l�u�x�e�s�.� �O�b�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e�s�e� �f�i�g�u�r�e�s� �r�e�v�e�a�l�s� 

�t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�a�r� �e�n�e�r�g�y� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �c�l�e�a�r�l�y� �n�o�t� �a�s� 

�u�n�i�f�o�r�m� �a�s� �w�a�s� �a�s�s�u�m�e�d� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �I�n�d�e�e�d�,� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� �o�n� �t�h�e� �s�e�n�s�o�r� �w�a�l�l�s� �e�x�h�i�b�i�t�s� �a� �h�o�t� �s�p�o�t�.� �T�h�i�s� �p�e�a�k� 

�o�f� �e�n�e�r�g�y� �i�s� �n�o�t� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�.� �A�s� �t�h�e� �S�u�n� �m�o�v�e�s� �a�c�r�o�s�s� 

�t�h�e� �b�a�f�f�l�e� �f�i�e�l�d� �o�f� �v�i�e�w�,� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �p�l�a�n�e� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �t�o� �t�h�e� �t�o�p�,� �t�h�e� �p�o�s�i�t�i�o�n� 

�o�f� �t�h�e� �h�o�t� �s�p�o�t� �a�l�s�o� �m�o�v�e�s� �a�c�r�o�s�s� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �t�o�w�a�r�d� �t�h�e� �r�e�a�r� �o�f� �t�h�e� 

�M�A�M� �e�n�c�l�o�s�u�r�e�.� 

�T�h�e� �f�r�a�c�t�i�o�n� �o�f� �e�n�e�r�g�y� �a�r�r�i�v�i�n�g� �a�t� �t�h�e� �a�p�e�r�t�u�r�e� �o�p�e�n�i�n�g� �i�s� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� 

�s�o�l�a�r� �a�n�g�l�e� �t�h�r�o�u�g�h� �t�h�e� �b�a�f�f�l�e� �f�i�e�l�d� �o�f� �v�i�e�w�.� �A�s� �i�s� �s�h�o�w�n� �l�a�t�e�r�,� �t�h�i�s� �s�e�n�s�i�t�i�v�i�t�y� �i�s� �a� 

�r�e�s�u�l�t� �o�f� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n�s� �i�n� �t�h�e� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �B�e�c�a�u�s�e� 

�t�h�i�s� �s�e�n�s�i�t�i�v�i�t�y� �i�s� �t�h�e� �s�a�m�e� �f�o�r� �t�h�e� �C�E�R�E�S� �a�n�d� �E�R�B�E� �M�A�M�'�s�,� �i�t� �c�a�n� �b�e� �c�o�n�c�l�u�d�e�d� 

�a�t� �t�h�i�s� �p�o�i�n�t� �t�h�a�t� �t�h�e� �d�e�c�r�e�a�s�i�n�g� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �E�R�B�E� �r�a�d�i�o�m�e�t�e�r� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� 

�s�o�l�a�r� �a�n�g�l�e� �w�a�s� �n�o�t� �c�a�u�s�e�d� �e�n�t�i�r�e�l�y� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �b�l�a�c�k� �m�a�s�k�,� �a�n�d� �t�h�a�t� �t�h�e� 

�1�5�-�d�e�g� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �c�a�r�r�i�e�d� �o�v�e�r� �f�r�o�m� �E�R�B�E� �M�A�M� �d�e�s�i�g�n� �c�a�n�n�o�t� 

�b�e� �u�s�e�d� �t�o� �m�e�e�t� �t�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�2



�4�.�3� �D�i�f�f�u�s�e�r� �P�l�a�t�e� �R�e�f�l�e�c�t�i�o�n� �D�i�a�g�n�o�s�i�s� 

�A� �d�e�e�p�e�r� �k�n�o�w�l�e�d�g�e� �a�b�o�u�t� �r�e�f�l�e�c�t�i�o�n� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �n�e�e�d�e�d� �i�n� 

�o�r�d�e�r� �t�o� �d�e�f�i�n�e� �t�h�e� �o�p�t�i�m�u�m� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�h�a�t� �s�a�t�i�s�f�i�e�s� �t�h�e� 

�s�p�e�c�i�f�i�c�a�t�i�o�n�s� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M�.� �R�e�c�a�l�l� �t�h�a�t� �t�h�e�s�e� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �a�r�e�:� �(�1�)� �t�h�e� 

�f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� 

�m�u�s�t� �b�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �s�o�l�a�r� �v�e�c�t�o�r� �i�n�c�i�d�e�n�t� �t�o� �t�h�e� �M�A�M� �a�p�e�r�t�u�r�e�,� �(�2�)� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �e�n�e�r�g�y� �o�n� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �m�u�s�t� �b�e� �u�n�i�f�o�r�m�,� �a�n�d� �(�3�)� 

�t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�a�c�k� �o�u�t� �t�o� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g� �m�u�s�t� �b�e� 

�m�a�x�i�m�i�z�e�d�.� 

�F�o�r� �t�h�i�s� �d�i�a�g�n�o�s�i�s�,� �t�h�r�e�e� �i�m�a�g�i�n�a�r�y� �c�o�n�c�e�n�t�r�i�c� �h�e�m�i�s�p�h�e�r�i�c�a�l� �s�u�r�f�a�c�e�s� �a�r�e� 

�a�d�d�e�d� �t�o� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �m�o�d�e�l�.� �T�h�e�s�e� �s�u�r�f�a�c�e�s� �a�r�e� �c�e�n�t�e�r�e�d� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� 

�t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�,� �a�n�d� �e�a�c�h� �s�u�r�f�a�c�e� �i�s� �s�u�b�d�i�v�i�d�e�d� �i�n�t�o� �1�2�0�0� �e�q�u�a�l�-�a�r�e�a� �e�l�e�m�e�n�t�s�.� 

�A�n� �e�x�a�m�p�l�e� �o�f� �t�h�e� �l�o�c�a�t�i�o�n� �a�n�d� �t�h�e� �a�r�e�a� �s�u�b�d�i�v�i�s�i�o�n� �o�f� �o�n�e� �o�f� �t�h�e�s�e� �s�u�r�f�a�c�e�s� �i�s� 

�i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�7�.� �U�s�i�n�g� �E�q�u�a�t�i�o�n� �3�.�3� �a�n�d� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s�,� �t�h�e� �h�e�a�t� �f�l�u�x� 

�t�h�r�o�u�g�h� �e�a�c�h� �i�m�a�g�i�n�a�r�y� �h�e�m�i�s�p�h�e�r�i�c�a�l� �s�u�r�f�a�c�e� �a�r�e�a� �e�l�e�m�e�n�t� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�c�o�u�n�t�i�n�g� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �r�e�f�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�t�h�a�t� �p�a�s�s� �t�h�r�o�u�g�h� �e�a�c�h� �i�m�a�g�i�n�a�r�y� �a�r�e�a� �e�l�e�m�e�n�t�.� �W�h�e�n� �t�h�a�t� �n�u�m�b�e�r� �i�s� �d�i�v�i�d�e�d� �b�y� 

�t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �t�r�a�c�e�d� �a�n�d� �b�y� �t�h�e� �e�l�e�m�e�n�t� �s�u�r�f�a�c�e� �a�r�e�a�,� �t�h�e� 

�r�e�s�u�l�t� �i�s� �a� �q�u�a�n�t�i�t�y� �t�h�a�t� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �r�a�d�i�a�t�i�v�e� �f�l�u�x� �t�h�r�o�u�g�h� �e�a�c�h� �a�r�e�a� 

�e�l�e�m�e�n�t�.� �A� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �p�l�o�t� �o�f� �t�h�e�s�e� �f�l�u�x�e�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �i�l�l�u�s�t�r�a�t�e� �t�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�3



�s�p�a�t�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �e�n�e�r�g�y� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� 

�F�i�g�u�r�e� �1�8� �s�h�o�w�s� �t�h�e� �s�p�a�t�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� 

�p�l�a�t�e� �f�o�r� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �i�s� �a�l�o�n�g� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �a�n�d� �t�h�e� �n�o�r�m�a�l� 

�d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �o�r�i�e�n�t�e�d� �a�t� �1�5� �d�e�g� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�e� 

�r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� �i�s� �p�r�e�s�e�n�t�e�d� �h�e�r�e� �a�s� �v�i�e�w�e�d� �f�r�o�m� �a�n� �o�b�s�e�r�v�e�r� �s�t�a�n�d�i�n�g� �i�n� �f�r�o�n�t� �a�n�d� 

�s�l�i�g�h�t�l�y� �t�o� �t�h�e� �r�i�g�h�t� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �F�i�g�u�r�e� �1�9� �s�h�o�w�s� �t�h�e� �s�a�m�e� �d�i�s�t�r�i�b�u�t�i�o�n� �b�u�t� 

�f�o�r� �a�n� �o�b�s�e�r�v�e�r� �l�o�c�a�t�e�d� �d�i�r�e�c�t�l�y� �o�n� �t�h�e� �r�i�g�h�t� �s�i�d�e� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �A� �c�o�l�o�r� �s�c�a�l�e� 

�f�r�o�m� �b�l�u�e� �t�o� �r�e�d� �i�s� �u�s�e�d� �t�o� �d�i�f�f�e�r�e�n�t�i�a�t�e� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �h�e�a�t� �f�l�u�x�,� �w�i�t�h� �b�l�u�e� �c�o�l�o�r� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �l�o�w� �h�e�a�t� �f�l�u�x�e�s� �a�n�d� �r�e�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �f�l�u�x�e�s�.� 

�T�h�e�s�e� �t�w�o� �f�i�g�u�r�e�s� �c�l�e�a�r�l�y� �s�h�o�w� �t�h�a�t� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �n�o�t� �u�n�i�f�o�r�m�.� 

�I�n� �f�a�c�t�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �h�a�s� �t�h�r�e�e� �i�r�r�e�g�u�l�a�r� �f�e�a�t�u�r�e�s�.� �F�i�r�s�t�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �p�a�t�t�e�r�n� �d�o�e�s� 

�n�o�t� �c�o�m�p�l�e�t�e�l�y� �f�i�l�l� �t�h�e� �2�n�-�s�p�a�c�e� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �m�i�r�r�o�r� �m�o�s�a�i�c�.� �R�a�t�h�e�r� �i�t� �i�s� 

�c�o�n�c�e�n�t�r�a�t�e�d� �i�n� �a� �c�o�n�e� �a�n�g�l�e� �l�i�m�i�t�e�d� �b�y� �t�h�e� �d�o�t�t�e�d� �l�i�n�e�s� �i�n� �F�i�g�u�r�e� �1�9�.� �S�e�c�o�n�d�,� �t�h�e�r�e� 

�e�x�i�s�t�s� �a� �s�p�e�c�u�l�a�r� �h�o�t� �s�p�o�t�;� �t�h�a�t� �i�s�,� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �l�i�n�e� �p�a�s�s�i�n�g� �t�h�r�o�u�g�h� �t�h�e� 

�c�e�n�t�e�r� �o�f� �t�h�i�s� �s�p�o�t� �a�n�d� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�l�a�t�e� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �a�n�g�l�e� 

�b�e�t�w�e�e�n� �t�h�e� �s�o�l�a�r� �d�i�r�e�c�t�i�o�n� �a�n�d� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�l�a�t�e�.� �T�h�i�r�d�,� �t�h�e� �h�e�a�t� 

�f�l�u�x� �i�n� �t�h�e� �l�o�w�e�r� �h�a�l�f� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�n�e� �i�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �i�n� �t�h�e� �u�p�p�e�r� �h�a�l�f�.� 

�T�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �p�a�t�t�e�r�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�,� �w�h�i�c�h� �i�s� �t�h�e� 

�c�o�m�b�i�n�a�t�i�o�n� �o�f� �1�0�5� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s�,� �a� �s�t�u�d�y� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �b�y� �o�n�e� �s�p�h�e�r�i�c�a�l� 

�m�i�r�r�o�r� �i�s� �n�e�e�d�e�d�.� �F�i�g�u�r�e� �2�0� �s�h�o�w�s� �a� �s�c�h�e�m�a�t�i�c� �o�f� �s�u�c�h� �a� �s�t�u�d�y� �w�h�e�r�e� �a� �s�e�c�t�i�o�n� �o�f� 

�t�h�e� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r� �i�s� �p�r�e�s�e�n�t�e�d� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �f�i�g�u�r�e�.� �B�e�l�o�w� �t�h�i�s� �m�i�r�r�o�r� �i�s� �a�n� 

�i�m�a�g�i�n�a�r�y� �s�u�r�f�a�c�e� �o�f� �e�m�i�s�s�i�o�n�,� �f�r�o�m� �w�h�i�c�h� �c�o�l�l�i�m�a�t�e�d� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �a�r�e� �e�m�i�t�t�e�d� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�4



�w�i�t�h�i�n� �a� �b�e�a�m� �l�i�m�i�t�e�d� �b�y� �t�w�o� �p�o�i�n�t�s� �A�,� �a�n�d� �C�,�.� �E�n�e�r�g�y� �b�u�n�d�l�e�s�,� �o�r� �r�a�y�s�,� �e�m�i�t�t�e�d� �a�t� 

�p�o�i�n�t� �A�,� �s�t�r�i�k�e� �t�h�e� �r�i�g�h�t� �e�d�g�e� �o�f� �t�h�e� �m�i�r�r�o�r� �a�t� �p�o�i�n�t� �A�,�,� �a�n�d� �a�r�e� �r�e�f�l�e�c�t�e�d� �t�o� �p�o�i�n�t� �A�,� 

�a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �l�a�w� �o�f� �s�p�e�c�u�l�a�r� �r�e�f�l�e�c�t�i�o�n�.� �O�t�h�e�r� �r�a�y�s� �e�m�i�t�t�e�d� �f�r�o�m� �a� �p�a�r�t�i�c�u�l�a�r� 

�p�o�i�n�t�,� �d�e�n�o�t�e�d� �B�,� �i�n� �t�h�e� �c�u�r�r�e�n�t� �d�i�a�g�r�a�m�,� �a�r�e� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �m�i�r�r�o�r� �a�t� �p�o�i�n�t� �B�,� �i�n� 

�s�u�c�h� �a� �w�a�y� �t�h�a�t� �t�h�e� �r�e�f�l�e�c�t�e�d� �r�a�y� �p�a�s�s�e�s� �j�u�s�t� �b�e�l�o�w� �t�h�e� �r�i�g�h�t� �e�d�g�e� �o�f� �t�h�e� �m�i�r�r�o�r� �t�o� 

�p�o�i�n�t� �B�,�.� �T�h�u�s� �t�h�e� �t�w�o� �p�a�t�h�s� �A�,�A�.�A�,�,� �a�n�d� �B�,�B�.�B�,� �r�e�p�r�e�s�e�n�t� �t�h�e� �l�i�m�i�t� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�o�n� 

�c�o�n�e�.� �A�l�l� �r�a�y�s� �e�m�i�t�t�e�d� �w�i�t�h�i�n� �t�h�e�s�e� �t�w�o� �p�a�t�h�s� �a�r�e� �d�i�r�e�c�t�l�y� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �s�p�h�e�r�i�c�a�l� 

�m�i�r�r�o�r� �t�o� �t�h�e� �h�e�m�i�s�p�h�e�r�i�c�a�l� �s�p�a�c�e� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �m�i�r�r�o�r�.� �T�h�e�r�e� �e�x�i�s�t�s� �a� �r�e�g�i�o�n� �o�n� 

�t�h�e� �m�i�r�r�o�r�,� �l�i�m�i�t�e�d� �b�y� �t�w�o� �p�o�i�n�t�s� �B�,� �a�n�d� �C�,�,� �w�h�e�r�e� �a�l�l� �i�n�c�i�d�e�n�t� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �a�r�e� 

�m�u�l�t�i�p�l�y� �r�e�f�l�e�c�t�e�d� �w�i�t�h�i�n� �t�h�e� �m�i�r�r�o�r�,� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �p�a�t�h� �C�,�C�,�C�,�C�,� �f�o�r� �e�x�a�m�p�l�e�.� 

�T�h�i�s� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �w�i�t�h�i�n� �e�a�c�h� �m�i�r�r�o�r� �i�s� �t�h�e� �c�a�u�s�e� �o�f� �t�h�e� �s�p�e�c�u�l�a�r� �h�o�t� �s�p�o�t�,� �o�r� 

�t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �s�p�o�t�,� �a�s� �i�t� �w�i�l�l� �b�e� �c�a�l�l�e�d� �f�r�o�m� �n�o�w� �o�n�.� 

�W�i�t�h�i�n� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�n�e� �a�n�d� �e�x�c�e�p�t� �f�o�r� �t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �s�p�o�t�,� �i�t� �i�s� 

�r�e�a�s�o�n�a�b�l�e� �t�o� �c�o�n�s�i�d�e�r� �t�h�e� �d�i�r�e�c�t� �r�e�f�l�e�c�t�i�o�n� �b�y� �a� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r� �t�o� �b�e� �u�n�i�f�o�r�m�.� �I�n� 

�t�h�i�s� �c�a�s�e� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �r�e�f�l�e�c�t�i�o�n� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �s�p�h�e�r�e� �c�e�n�t�e�r�e�d� �a�t� 

�t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �m�i�r�r�o�r�.� �N�o�t�e� �t�h�a�t� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �m�i�r�r�o�r� �t�o� �a� 

�g�i�v�e�n� �p�o�i�n�t� �o�n� �t�h�e� �s�p�h�e�r�e� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �r�a�d�i�a�t�i�v�e� �p�o�w�e�r� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� 

�d�e�f�i�n�e�d� �b�y� �t�h�a�t� �p�o�i�n�t�.� �T�h�e�n� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �b�y� �s�e�v�e�r�a�l� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r�s� �a�d�j�a�c�e�n�t� �t�o� 

�e�a�c�h� �o�t�h�e�r� �c�a�n� �b�e� �d�e�s�c�r�i�b�e�d� �g�r�a�p�h�i�c�a�l�l�y� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�1�.� �I�n� �t�h�i�s� �f�i�g�u�r�e� �a�n� 

�e�x�a�m�p�l�e� �o�f� �o�n�l�y� �t�w�o� �m�i�r�r�o�r�s� �i�s� �u�s�e�d� �t�o� �c�o�n�s�t�r�u�c�t� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �p�a�t�t�e�r�n� �i�n� �q�u�e�s�t�i�o�n�,� 

�w�h�e�r�e� �t�h�e� �d�o�t�t�e�d� �l�i�n�e�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �p�a�t�t�e�r�n� �f�r�o�m� �t�w�o� �m�i�r�r�o�r�s� �c�e�n�t�e�r�e�d� �a�t� 

�O�,� �a�n�d� �O�,�,� �a�n�d� �t�h�e� �s�o�l�i�d� �l�i�n�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �f�r�o�m� �b�o�t�h� �m�i�r�r�o�r�s�.� �T�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�5



�c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�i�d� �l�i�n�e� �c�o�n�s�i�s�t�s� �o�f� �d�r�a�w�i�n�g� �a� �l�i�n�e� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �o�f� �b�o�t�h� 

�m�i�r�r�o�r�s� �(�p�o�i�n�t� �O�)� �a�n�d� �i�n� �a�n� �a�r�b�i�t�r�a�r�y� �d�i�r�e�c�t�i�o�n�,� �O�A� �f�o�r� �e�x�a�m�p�l�e�.� �T�h�e�n� �t�h�e� �l�e�n�g�t�h� �O�B� 

�i�s� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �O�B�,� �a�n�d� �O�B�,�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �r�e�f�l�e�c�t�i�o�n� �i�s� �o�b�t�a�i�n�e�d� �b�y� �r�e�p�e�a�t�i�n�g� �t�h�e� 

�g�r�a�p�h�i�c� �c�o�n�s�t�r�u�c�t�i�o�n� �i�n� �a�l�l� �p�o�s�s�i�b�l�e� �O�A�-�d�i�r�e�c�t�i�o�n�s�.� �C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �n�o�r�m�a�l� �o�f� �t�h�e� 

�d�i�f�f�u�s�e�r� �p�l�a�t�e� �p�a�s�s�i�n�g� �t�h�r�o�u�g�h� �p�o�i�n�t� �O� �a�s� �a� �r�e�f�e�r�e�n�c�e� �l�i�n�e� �w�h�i�c�h� �d�i�v�i�d�e�s� �t�h�e� 

�r�e�f�l�e�c�t�i�o�n� �c�o�n�e� �i�n�t�o� �t�h�e� �u�p�p�e�r� �h�a�l�f� �a�n�d� �t�h�e� �l�o�w�e�r� �h�a�l�f� �r�e�g�i�o�n�s�.� �T�h�e� �m�o�d�e�l�,� �a�l�t�h�o�u�g�h� 

�s�i�m�p�l�e�,� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�a�t� �t�h�e� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� 

�h�i�g�h�e�r� �i�n� �t�h�e� �l�o�w�e�r� �r�e�g�i�o�n� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�n�e�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�n� �i�n�t�e�n�s�i�t�y� �i�s� �c�a�l�l�e�d� 

�t�h�e� �"�m�u�l�t�i�p�l�e� �m�i�r�r�o�r� �e�f�f�e�c�t�,�"� �b�e�c�a�u�s�e� �i�t� �i�s� �d�u�e� �t�o� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �r�e�f�l�e�c�t�i�o�n�s� �f�r�o�m� 

�s�e�v�e�r�a�l� �m�i�r�r�o�r�s�.� 

�R�e�c�a�l�l� �t�h�a�t� �t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �s�p�o�t� �a�n�d� �t�h�e� �m�u�l�t�i�p�l�e� �m�i�r�r�o�r� �e�f�f�e�c�t� �a�r�e� �t�h�e� 

�c�a�u�s�e�s� �o�f� �t�h�e� �s�e�n�s�i�v�i�t�y� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �r�e�s�p�o�n�s�e� �w�i�t�h� �v�a�r�y�i�n�g� �s�o�l�a�r� �a�n�g�l�e�.� �B�u�t� 

�t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �s�p�o�t� �a�n�d� �t�h�e� �m�u�l�t�i�p�l�e� �m�i�r�r�o�r� �e�f�f�e�c�t� �o�c�c�u�r� �o�n�l�y� �i�n� �t�h�e� �l�o�w�e�r� 

�r�e�g�i�o�n� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�n�e�,� �w�h�e�r�e�a�s� �t�h�e� �u�p�p�e�r� �r�e�g�i�o�n� �h�a�s� �n�o� �i�r�r�e�g�u�l�a�r� �f�e�a�t�u�r�e�s�.� 

�T�h�a�t� �m�e�a�n�s� �t�h�a�t� �i�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�x�i�s� �w�e�r�e� �l�o�c�a�t�e�d� �i�n� �t�h�e� �u�p�p�e�r� �r�e�g�i�o�n�,� �t�h�e� 

�r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� �r�e�c�e�i�v�e�d� �b�y� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �w�o�u�l�d� �b�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �s�o�l�a�r� 

�v�e�c�t�o�r�.� �B�u�t� �i�n�s�t�e�a�d� �o�f� �m�o�v�i�n�g� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�x�i�s� �f�r�o�m� �t�h�e� �l�o�w�e�r� �r�e�g�i�o�n� �t�o� �t�h�e� �u�p�p�e�r� 

�r�e�g�i�o�n�,� �i�t� �w�o�u�l�d� �b�e� �s�i�m�p�l�e�r� �t�o� �k�e�e�p� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�x�i�s� �u�n�c�h�a�n�g�e�d� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �a�n�d� �r�o�t�a�t�e� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�,� �s�o� �t�h�a�t� �i�t�s� �n�o�r�m�a�l� 

�d�i�r�e�c�t�i�o�n� �i�s� �a�b�o�v�e� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� �u�n�w�a�n�t�e�d� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� 

�e�f�f�e�c�t�s� �w�o�u�l�d� �o�c�c�u�r� �i�n� �t�h�e� �u�p�p�e�r� �r�e�g�i�o�n� �a�n�d� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �w�o�u�l�d� �r�e�c�e�i�v�e� �o�n�l�y� �d�i�r�e�c�t� 

�r�e�f�l�e�c�t�i�o�n�s� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�6



�s�h�o�u�l�d� �b�e� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �s�o�l�a�r� �a�n�g�l�e�!� 

�4�.�4� �D�i�a�g�n�o�s�i�s� �o�f� �t�h�e� �D�i�f�f�u�s�e�r� �P�l�a�t�e� �R�e�f�l�e�c�t�i�o�n� �f�o�r� �D�i�f�f�e�r�e�n�t� 

�D�i�f�f�u�s�e�r� �P�l�a�t�e� �O�r�i�e�n�t�a�t�i�o�n�s� 

�I�n� �o�r�d�e�r� �t�o� �e�x�p�l�o�i�t� �t�h�e� �u�n�e�x�p�e�c�t�e�d� �p�h�e�n�o�m�e�n�o�n� �r�e�v�e�a�l�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� 

�s�e�c�t�i�o�n� �b�y� �r�o�t�a�t�i�n�g� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�o� �a�v�o�i�d� �t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �e�f�f�e�c�t� �o�n� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�r�e� 

�n�e�e�d�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n� �a�r�e� �b�a�s�e�d� �o�n�l�y� �o�n� �o�n�e� �p�a�r�t�i�c�u�l�a�r� 

�o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�:� �1�5� �d�e�g� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� 

�F�i�g�u�r�e�s� �2�2� �t�h�r�o�u�g�h� �2�6� �s�h�o�w� �t�h�e� �s�p�a�t�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�a�t�i�v�e� �e�n�e�r�g�y� 

�r�e�f�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �f�o�r� �v�a�r�i�o�u�s� �p�l�a�t�e� �a�n�g�l�e�s� �(�1�2�,� �8�,� �4�,� �0�,� �a�n�d� �-�4� �d�e�g�)�.� 

�F�o�r� �t�h�e�s�e� �c�a�s�e�s�,� �e�n�e�r�g�y� �e�n�t�e�r�s� �t�h�e� �M�A�M� �e�n�c�l�o�s�u�r�e� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� 

�T�h�e�s�e� �f�i�g�u�r�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �a�s� �v�i�e�w�e�d� �b�y� �a�n� �o�b�s�e�r�v�e�r� �l�o�c�a�t�e�d� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� �s�i�d�e� 

�o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� 

�C�o�m�p�a�r�i�s�o�n� �o�f� �F�i�g�u�r�e�s� �2�3� �a�n�d� �1�9� �r�e�v�e�a�l�s� �t�h�a�t� �t�h�e� �m�u�l�t�i�p�l�e� �m�i�r�r�o�r� �e�f�f�e�c�t� 

�b�e�c�o�m�e�s� �m�o�r�e� �s�i�g�n�i�f�i�c�a�n�t� �w�i�t�h� �s�m�a�l�l�e�r� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e�s�.� �T�h�e� �a�r�e�a� �o�f� �m�u�l�t�i�p�l�e� 

�r�e�f�l�e�c�t�i�o�n�s� �i�s� �l�a�r�g�e�r� �i�n� �t�h�e� �u�p�p�e�r� �r�e�f�l�e�c�t�i�o�n� �r�e�g�i�o�n� �f�o�r� �a� �p�l�a�t�e� �a�n�g�l�e� �o�f� �8� �d�e�g� �(�F�i�g�u�r�e� 

�2�3�)� �t�h�a�n� �f�o�r� �a�n� �a�n�g�l�e� �o�f� �1�5� �d�e�g� �(�F�i�g�u�r�e� �1�9�)�.� �I�n� �f�a�c�t�,� �a�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� 

�d�i�f�f�u�s�e�r� �p�l�a�t�e� �n�o�r�m�a�l� �a�n�d� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �b�e�c�o�m�e�s� �s�m�a�l�l�e�r�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�n�e� 

�b�e�c�o�m�e�s� �w�i�d�e�r�,� �w�h�i�c�h� �e�x�p�l�a�i�n�s� �t�h�e� �i�n�c�r�e�a�s�i�n�g� �a�r�e�a� �o�f� �t�h�e� �m�u�l�t�i�p�l�e� �m�i�r�r�o�r� �e�f�f�e�c�t�.� �B�u�t� 
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�t�h�e� �m�o�s�t� �r�e�l�e�v�a�n�t� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �F�i�g�u�r�e� �2�3� �i�s� �t�h�e� �a�l�m�o�s�t� �c�o�m�p�l�e�t�e� �a�b�s�e�n�c�e� �o�f� �t�h�e� 

�m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �s�p�o�t�.� �T�h�e� �r�a�d�i�a�t�i�v�e� �e�n�e�r�g�y� �o�n� �t�h�e� �h�e�m�i�s�p�h�e�r�i�c�a�l� �s�u�r�f�a�c�e� 

�d�e�c�r�e�a�s�e�s� �r�e�g�u�l�a�r�l�y�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �s�p�o�t� 

�d�e�p�e�n�d�s� �o�n� �t�h�e� �a�n�g�l�e� �o�f� �s�o�l�a�r� �i�n�c�i�d�e�n�c�e�.� 

�T�h�e� �l�i�m�i�t� �o�f� �i�n�c�i�d�e�n�t� �a�n�g�l�e� �n�e�e�d�e�d� �t�o� �a�v�o�i�d� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �c�a�n� �b�e� �f�o�u�n�d� 

�u�s�i�n�g� �t�h�e� �d�i�a�g�r�a�m� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�7�,� �w�h�i�c�h� �s�h�o�w�s� �a� �s�e�c�t�i�o�n� �o�f� �a� �s�p�h�e�r�i�c�a�l� 

�m�i�r�r�o�r� �w�h�e�r�e� �t�h�e� �r�a�d�i�u�s� �i�s� �R� �(�1�.�5�8�7�5� �m�m�)�,� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �c�e�n�t�e�r� �a�n�d� �t�h�e� 

�b�a�s�e� �o�f� �t�h�e� �m�i�r�r�o�r� �i�s� �d� �(�1�.�1�9�3�8� �m�m�)�,� �a�n�d� �t�h�e� �l�i�n�e� �L�C� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n� 

�o�f� �t�h�e� �m�i�r�r�o�r�.� �I�n� �t�h�i�s� �d�i�a�g�r�a�m�,� �t�h�e� �a�n�g�l�e� �a� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�a� �=� �c�o�s�'�|� �&� �,� �(�4�.�1�)� 

�N�u�m�e�r�i�c�a�l�l�y�,� �t�h�e� �a�n�g�l�e� �a� �i�s� �4�1�.�2�3� �d�e�g�,� �a�n�d� �B�,� �t�h�e� �c�o�m�p�l�e�m�e�n�t� �o�f� �a�,� �i�s� �4�8�.�7�6� �d�e�g�.� 

�T�h�e� �l�i�n�e� �A�L� �r�e�p�r�e�s�e�n�t�s� �a� �l�i�m�i�t�i�n�g� �c�a�s�e� �i�n� �w�h�i�c�h� �a�n� �e�n�e�r�g�y� �b�u�n�d�l�e� �e�m�i�t�t�e�d� �f�r�o�m� �p�o�i�n�t� 

�A� �s�t�r�i�k�e�s� �t�h�e� �m�i�r�r�o�r� �a�t� �p�o�i�n�t� �L� �a�n�d� �i�s� �t�h�e�n� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �L�R�.� �S�i�n�c�e� �t�h�e� 

�r�e�f�l�e�c�t�i�o�n�s� �f�r�o�m� �t�h�e� �m�i�r�r�o�r� �a�r�e� �s�p�e�c�u�l�a�r�,� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �i�n�c�i�d�e�n�c�e� �i�s� �t�h�e� �a�n�g�l�e� �(�B�-�a�)�,� 

�o�r� �7�.�5�3� �d�e�g�.� �T�h�i�s� �m�e�a�n�s� �t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n�s� �e�x�i�s�t� �o�n�l�y� �f�o�r� �i�n�c�i�d�e�n�c�e� �a�n�g�l�e�s� 

�g�r�e�a�t�e�r� �t�h�a�n� �B� �-� �a� �=� �7�.�5�3� �d�e�g�.� �R�e�c�a�l�l� �t�h�a�t� �F�i�g�u�r�e� �2�3� �i�s� �f�o�r� �i�n�c�i�d�e�n�c�e� �a�n�g�l�e� �e�q�u�a�l� �t�o� 

�8� �d�e�g�,� �t�h�u�s� �t�h�e� �e�f�f�e�c�t� �o�f� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n�s� �i�s� �h�a�r�d�l�y� �v�i�s�i�b�l�e� �i�n� �t�h�i�s� �f�i�g�u�r�e�.� 

�F�i�g�u�r�e�s� �2�3� �t�h�r�o�u�g�h� �2�6� �s�h�o�w� �t�h�e� �r�e�f�l�e�c�t�i�o�n�s� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�s� �t�h�e� 

�o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�i�s� �p�l�a�t�e� �v�a�r�i�e�s� �f�r�o�m� �+�8� �d�e�g� �t�o� �-�4� �d�e�g�,� �o�r�,� �i�n� �o�t�h�e�r� �w�o�r�d�s�,� �a�s� �t�h�e� �p�l�a�t�e� 

�n�o�r�m�a�l� �m�o�v�e�s� �g�r�a�d�u�a�l�l�y� �f�r�o�m� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �t�o� �a�b�o�v�e�.� �O�b�s�e�r�v�a�t�i�o�n�s� �o�f� �t�h�e�s�e� 

�f�i�g�u�r�e�s� �c�o�n�f�i�r�m� �t�h�e� �a�b�s�e�n�c�e� �o�f� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n�s� �f�o�r� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s� �o�f� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�8



�l�e�s�s� �t�h�a�n� �8� �d�e�g� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�i�s� �s�e�c�t�i�o�n� �a�r�e� 

�i�m�p�o�r�t�a�n�t� �b�e�c�a�u�s�e� �t�h�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �s�p�o�t� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �i�s� �o�n�e� �o�f� �t�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�e� �c�u�r�r�e�n�t� �r�e�s�e�a�r�c�h�.� 

�4�.�5� �R�a�d�i�a�t�i�v�e� �A�n�a�l�y�s�i�s� �U�s�i�n�g� �t�h�e� �D�i�f�f�u�s�e�r� �P�l�a�t�e� �O�r�i�e�n�t�a�t�i�o�n� �a�s� �a� 

�P�a�r�a�m�e�t�e�r� 

�4�.�5�.�1� �C�o�m�p�a�r�i�s�o�n� �o�f� �C�E�R�E�S� �M�A�M� �M�o�d�e�l� �R�e�s�u�l�t�s� �w�i�t�h� �M�e�a�s�u�r�e�d� �D�a�t�a� 

�A�l�t�h�o�u�g�h� �t�h�e� �s�e�t� �o�f� �v�a�l�i�d� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e�s� �h�a�s� �b�e�e�n� �g�r�e�a�t�l�y� �r�e�d�u�c�e�d� �a�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�,� �a� �m�o�r�e� �d�e�t�a�i�l�e�d� �s�t�u�d�y� �a�b�o�u�t� �t�h�e� �r�e�f�l�e�c�t�i�o�n� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �n�e�e�d�e�d� �t�o� �d�e�f�i�n�e� �t�h�e� �o�p�t�i�m�a�l� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� 

�p�l�a�t�e�.� �T�h�i�s� �c�a�n� �b�e� �d�o�n�e� �b�y� �u�s�i�n�g� �t�h�e� �C�E�R�E�S� �M�A�M� �r�a�y�-�t�r�a�c�e� �m�o�d�e�l� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �f�o�r� �a�l�l� �p�o�s�s�i�b�l�e� �s�o�l�a�r� �a�n�g�l�e�s� �a�n�d� 

�d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s�.� �T�h�i�s� �t�a�s�k� �i�s� �a� �t�i�m�e�-�c�o�n�s�u�m�i�n�g� �p�r�o�c�e�s�s� �s�i�n�c�e� �t�h�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �f�o�r� �o�n�e� �s�e�t� �o�f� �p�a�r�a�m�e�t�e�r�s� �t�a�k�e�s� �a�l�m�o�s�t� �2� �h�r�.� 

�A� �c�o�m�p�l�e�t�e� �r�a�d�i�a�t�i�v�e� �a�n�a�l�y�s�i�s� �t�a�k�i�n�g� �i�n�t�o� �a�c�c�o�u�n�t� �1�6� �v�a�l�u�e�s� �f�o�r� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �(�f�r�o�m� 

�-�1�0� �t�o� �+� �5� �d�e�g�)� �a�n�d� �1�2� �v�a�l�u�e�s� �f�o�r� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n� �(�f�r�o�m� �+�1�5� �t�o� �-�8� �d�e�g�)�,� 

�o�r� �1�9�2� �s�e�t�s� �o�f� �p�a�r�a�m�e�t�e�r�s�,� �w�o�u�l�d� �r�e�q�u�i�r�e� �a�b�o�u�t� �4�0�0� �h�r� �o�f� �C�P�U� �r�u�n� �t�i�m�e� �f�o�r� �a�n� �I�B�M� 

�R�I�S�C� �m�o�d�e�l� �5�6�0� �t�o� �c�o�m�p�l�e�t�e�!� �B�u�t� �t�h�a�n�k�s� �t�o� �a� �n�e�t�w�o�r�k� �o�f� �t�e�n� �w�o�r�k�s�t�a�t�i�o�n�s� �o�f� �t�h�e� 

�M�e�c�h�a�n�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�m�p�u�t�i�n�g� �a�n�d� �A�n�a�l�y�s�i�s� �C�e�n�t�e�r� �o�f� �V�P�I�&�S�U�,� �t�h�e� �a�b�o�v�e�-� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �4�9



�m�e�n�t�i�o�n�e�d� �t�a�s�k� �c�a�n� �b�e� �c�o�m�p�l�e�t�e�d� �i�n� �a�b�o�u�t� �7�2� �h�r�!� 

�B�e�f�o�r�e� �u�s�i�n�g� �t�h�e� �s�i�m�u�l�a�t�e�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l� �i�n� �a� 

�p�a�r�a�m�e�t�r�i�c� �s�t�u�d�y�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �c�h�e�c�k� �t�h�e�s�e� �r�e�s�u�l�t�s� �w�i�t�h� �a� �n�e�w� �s�e�t� �o�f� �m�e�a�s�u�r�e�d� 

�C�E�R�E�S� �M�A�M� �d�a�t�a�,� �w�h�i�c�h� �b�e�c�a�m�e� �a�v�a�i�l�a�b�l�e� �a�f�t�e�r� �p�r�e�l�i�m�i�n�a�r�y� �r�e�s�u�l�t�s� �o�f� �t�h�e� �m�o�d�e�l� 

�w�e�r�e� �p�r�e�s�e�n�t�e�d� �t�o� �t�h�e� �R�a�d�i�a�t�i�o�n� �S�c�i�e�n�c�e�s� �B�r�a�n�c�h� �o�f� �N�A�S�A� �L�a�n�g�l�e�y� �R�e�s�e�a�r�c�h� 

�C�e�n�t�e�r�.� �F�i�g�u�r�e� �2�8� �s�h�o�w�s� �a� �c�o�m�p�a�r�i�s�o�n� �b�e�t�w�e�e�n� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l� �a�n�d� �t�h�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� �e�n�g�i�n�n�e�r�i�n�g� �m�o�d�e�l� �m�a�n�u�f�a�c�t�u�r�e�d� �b�y� �T�R�W�,� 

�t�h�e� �N�A�S�A� �c�o�n�t�r�a�c�t�o�r� �c�h�a�r�g�e�d� �w�i�t�h� �t�h�e� �d�e�s�i�g�n� �a�n�d� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �t�h�e� �C�E�R�E�S� 

�M�A�M�.� �T�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�d� �g�u�i�d�e�d� �t�o� 

�t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�o�l�a�r� �a�n�g�l�e� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �f�o�r� �t�h�e� 

�c�a�s�e� �w�h�e�r�e� �t�h�e� �n�o�r�m�a�l� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �s�e�t� �a�l�o�n�g� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� 

�T�h�e�n� �t�h�e� �m�e�a�s�u�r�e�d� �d�a�t�a� �h�a�v�e� �b�e�e�n� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �t�h�e� �s�e�t� 

�o�f� �m�e�a�s�u�r�e�m�e�n�t�s�.� �A�c�c�o�r�d�i�n�g�l�y�,� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l� �h�a�s� �b�e�e�n� �s�e�t� �f�o�r� �t�h�e� �s�a�m�e� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �h�a�v�e� �b�e�e�n� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� 

�h�i�g�h�e�s�t� �v�a�l�u�e� �o�f� �a�l�l� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s�.� �I�n� �F�i�g�u�r�e� �2�8�,� �t�h�e� �m�e�a�s�u�r�e�d� �d�a�t�a� �a�r�e� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �c�u�r�v�e� �j�o�i�n�i�n�g� �t�h�e� �t�r�i�a�n�g�u�l�a�r� �s�y�m�b�o�l�s�,� �w�h�e�r�e�a�s� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� 

�C�E�R�E�S� �M�A�M� �m�o�d�e�l� �a�r�e� �s�h�o�w�n� �b�y� �t�h�e� �c�u�r�v�e� �j�o�i�n�i�n�g� �t�h�e� �c�i�r�c�u�l�a�r� �s�y�m�b�o�l�s�.� �A�s� 

�e�x�p�e�c�t�e�d�,� �t�h�e� �p�r�e�d�i�c�t�e�d� �r�e�s�u�l�t�s� �f�i�t� �t�h�e� �m�e�a�s�u�r�e�d� �d�a�t�a� �v�e�r�y� �w�e�l�l�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�0



�4�.�5�.�2� �P�a�r�a�m�e�t�r�i�c� �R�a�d�i�a�t�i�v�e� �A�n�a�l�y�s�i�s� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �n�o�r�m�a�l�i�z�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� 

�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �u�s�i�n�g� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�s� �a� 

�p�a�r�a�m�e�t�e�r�,� �h�a�s� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l�.� �T�h�i�s� �s�t�u�d�y� �c�o�n�s�i�s�t�s� 

�o�f� �e�m�i�t�t�i�n�g� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �f�r�o�m� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �d�e�f�i�n�e�d� �b�y� �a� 

�g�i�v�e�n� �s�o�l�a�r� �a�n�g�l�e� �f�o�r� �a� �g�i�v�e�n� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� 

�o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �f�o�r� �e�a�c�h� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �f�o�u�n�d� �b�y� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �r�a�y�-� 

�t�r�a�c�e� �m�e�t�h�o�d�,� �i�s� �t�h�e�n� �w�e�i�g�h�t�e�d� �b�y� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �c�o�r�r�e�s�p�o�n�d�i�n�g� 

�t�o� �t�h�e� �-�3�-�d�e�g� �s�o�l�a�r� �a�n�g�l�e� �a�n�d� �+�1�5�-�d�e�g� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�.� �T�h�i�s� �p�a�r�t�i�c�u�l�a�r� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�h�e� �r�e�f�e�r�e�n�c�e� �p�o�i�n�t� �f�o�r� �c�o�m�p�a�r�i�s�o�n� �o�f� �a�l�l� 

�s�i�m�u�l�a�t�e�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l�.� �T�h�e� �w�e�i�g�h�t�e�d� �d�i�t�r�i�b�u�t�i�o�n� 

�f�a�c�t�o�r� �i�s� �c�a�l�l�e�d� �t�h�e� �n�o�r�m�a�l�i�z�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�.� 

�F�i�g�u�r�e� �2�9� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �c�u�r�r�e�n�t� �p�a�r�a�m�e�t�r�i�c� �s�t�u�d�y�,� �w�h�e�r�e� �t�h�e� 

�n�o�r�m�a�l�i�z�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r�,� �e�x�p�r�e�s�s�e�d� �i�n� �p�e�r�c�e�n�t�,� �i�s� �p�l�o�t�t�e�d� 

�a�g�a�i�n�s�t� �t�h�e� �s�o�l�a�r� �a�n�g�l�e�,� �e�x�p�r�e�s�s�e�d� �i�n� �d�e�g�.� �A�s� �o�b�s�e�r�v�e�d�,� �f�o�r� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�o�r�i�e�n�t�a�t�i�o�n�s� �d�e�c�r�e�a�s�i�n�g� �f�r�o�m� �+�1�5� �d�e�g� �t�o� �+�8� �d�e�g�,� �t�h�e� �c�u�r�v�e�s� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �i�n� �g�e�n�e�r�a�l� �d�e�c�r�e�a�s�e� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �p�l�a�t�e� �a�n�g�l�e�.� �A�s� �t�h�i�s� 

�h�a�p�p�e�n�s�,� �t�h�e� �c�u�r�v�e�s� �b�e�c�o�m�e� �m�u�c�h� �f�l�a�t�t�e�r� �o�v�e�r� �a� �w�i�d�e�r� �r�a�n�g�e� �o�f� �a�n�g�l�e�s�.� �T�h�i�s� �i�s� 

�b�e�c�a�u�s�e� �t�h�e� �m�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n� �e�f�f�e�c�t� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �r�e�d�u�c�e�d� �a�s� �t�h�e� �a�n�g�l�e� 

�b�e�t�w�e�e�n� �t�h�e� �p�l�a�t�e� �n�o�r�m�a�l� �a�n�d� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �d�e�c�r�e�a�s�e�s�.� �T�h�i�s� �e�f�f�e�c�t� �v�a�n�i�s�h�e�s� �f�o�r� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�1



�a� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n� �a�p�p�r�o�a�c�h�i�n�g� �+�8� �d�e�g� �a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �S�e�c�t�i�o�n� �4�.�4�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �u�n�i�f�o�r�m�i�t�y� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �f�u�n�c�t�i�o�n� �i�s� �i�m�p�o�r�t�a�n�t� �o�n�l�y� �f�o�r� �s�o�l�a�r� 

�a�n�g�l�e�s� �v�a�r�y�i�n�g� �f�r�o�m� �-�4� �t�o� �+�4� �d�e�g�.� �T�h�i�s� �i�s� �b�e�c�a�u�s�e� �f�o�r� �a�l�l� �s�o�l�a�r� �i�n�c�i�d�e�n�c�e� �a�n�g�l�e�s� 

�o�u�t�s�i�d�e� �t�h�e� �b�a�f�f�l�e� �f�i�e�l�d� �o�f� �v�i�e�w�,� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �n�o�t� �c�o�m�p�l�e�t�e�l�y� �i�l�l�u�m�i�n�a�t�e�d� �b�y� 

�s�o�l�a�r� �r�a�d�i�a�t�i�o�n�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �f�r�o�m� �t�h�e� �p�l�a�t�e� �w�o�u�l�d� �d�e�t�e�r�i�o�r�a�t�e� �f�o�r� 

�s�o�l�a�r� �a�n�g�l�e�s� �b�e�y�o�n�d� �+�4� �d�e�g�.� 

�O�t�h�e�r� �r�e�s�u�l�t�s� �s�h�o�w�i�n�g� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� 

�f�u�n�c�t�i�o�n� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �3�0�.� �I�n� �t�h�i�s� �f�i�g�u�r�e�,� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� 

�p�l�a�t�e� �v�a�r�i�e�s� �f�r�o�m� �+�6� �t�o� �-�8� �d�e�g�.� �T�h�e� �c�u�r�v�e�s� �i�n� �t�h�i�s� �f�i�g�u�r�e� �a�r�e� �p�l�o�t�t�e�d� �w�i�t�h� �a� �s�c�a�l�i�n�g� 

�f�a�c�t�o�r� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �a�x�i�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�a�t� �o�f� �F�i�g�u�r�e� �2�9� �s�o� �t�h�a�t� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �l�i�n�e�s� 

�c�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d�.� �I�n� �r�e�a�l�i�t�y�,� �t�h�e�s�e� �c�u�r�v�e�s� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �p�l�o�t�t�e�d� �o�n� �t�o�p� �o�f� �e�a�c�h� 

�o�t�h�e�r� �a�n�d� �i�t� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �d�i�f�f�i�c�u�l�t� �t�o� �d�i�f�f�e�r�e�n�t�i�a�t�e� �b�e�t�w�e�e�n� �t�h�e�m�.� �T�h�e� �t�w�o� 

�e�x�t�r�e�m�e� �c�u�r�v�e�s� �j�o�i�n�i�n�g� �t�h�e� �c�i�r�c�u�l�a�r� �s�y�m�b�o�l�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �6� �d�e�g� �a�n�d� �-�8� �d�e�g� 

�o�r�i�e�n�t�a�t�i�o�n�s� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�.� �I�n�t�e�r�m�e�d�i�a�t�e� �a�n�g�l�e�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �d�o�t�t�e�d� 

�l�i�n�e�s�.� �A� �s�t�r�i�k�i�n�g� �r�e�m�a�r�k� �h�e�r�e� �i�s� �t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �f�u�n�c�t�i�o�n� �f�i�r�s�t� �d�e�c�r�e�a�s�e�s� �a�s� 

�t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �n�o�r�m�a�l� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �f�r�o�m� �b�e�l�o�w� �(�f�r�o�m� �+�1�5� �t�o� �+�8� �d�e�g� 

�i�n� �F�i�g�u�r�e� �2�9�)�,� �a�n�d� �t�h�e�n� �i�n�c�r�e�a�s�e� �a�s� �t�h�e� �p�l�a�t�e� �n�o�r�m�a�l� �a�p�p�r�o�a�c�h�e�s� �a�n�d� �p�a�s�s�e�s� �a�b�o�v�e� 

�t�h�e� �b�a�f�f�l�e� �a�x�i�s� �(�f�r�o�m� �+�6� �t�o� �-�4� �d�e�g� �i�n� �F�i�g�u�r�e� �3�0�)�.� 

�T�h�e� �a�b�o�v�e� �r�e�m�a�r�k� �s�u�g�g�e�s�t�s� �a�n�o�t�h�e�r� �w�a�y� �t�o� �a�n�a�l�y�z�e� �t�h�e� �s�e�t� �o�f� �d�a�t�a� �u�s�e�d� �t�o� 

�c�o�n�s�t�r�u�c�t� �F�i�g�u�r�e�s� �2�9� �a�n�d� �3�0�.� �F�i�g�u�r�e� �3�1� �i�s� �a� �c�o�n�t�o�u�r� �p�l�o�t� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �o�f� 

�t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �b�o�t�h� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �a�n�d� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�a�n�g�l�e�.� �I�n� �t�h�i�s� �f�i�g�u�r�e�,� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �i�s� �v�a�r�i�e�d� �f�r�o�m� �-�1�0� �t�o� �+�5� �d�e�g� �a�l�o�n�g� �t�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�2



�h�o�r�i�z�o�n�t�a�l� �a�x�i�s�,� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e� �i�s� �v�a�r�i�e�d� �f�r�o�m� �+�1�5� �t�o� �-� �8� �d�e�g� �a�l�o�n�g� �t�h�e� 

�v�e�r�t�i�c�a�l� �a�x�i�s�,� �a�n�d� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �i�s� �s�h�o�w�n� �a�s� �a� �p�e�r�c�e�n�t�a�g�e� �b�y� �a� �c�o�l�o�r� �s�c�a�l�e� 

�i�n�c�r�e�a�s�i�n�g� �f�r�o�m� �b�l�u�e� �t�o� �r�e�d�.� �T�h�e� �c�o�l�o�r� �s�c�a�l�e� �i�s� �c�o�n�c�e�n�t�r�a�t�e�d� �i�n� �t�h�e� �5�0� �t�o� �7�0� �p�e�r�c�e�n�t� 

�i�n�t�e�r�v�a�l� �t�o� �s�h�o�w� �m�o�r�e� �d�e�t�a�i�l�.� �T�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �F�i�g�u�r�e� �3�2� �i�s� �a�l�s�o� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�2�.� �F�i�g�u�r�e� �3�2� �i�s� �f�r�o�m� �t�h�e� �p�o�i�n�t� �o�f� �v�i�e�w� �o�f� �a�n� �o�b�s�e�r�v�e�r� �l�o�c�a�t�e�d� 

�a�l�m�o�s�t� �a�l�o�n�g� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s�.� �I�t� �i�s� �w�o�r�t�h� �n�o�t�i�n�g� �t�h�a�t� �t�h�e� �c�o�l�o�r� �s�c�a�l�e� �i�n� �F�i�g�u�r�e� �3�2� 

�h�a�s� �2�0� �l�e�v�e�l�s�,� �i�n� �a�n� �i�n�t�e�r�v�a�l� �r�a�n�g�i�n�g� �f�r�o�m� �5�0� �t�o� �7�5� �p�e�r�c�e�n�t�,� �s�o� �t�h�a�t� �e�a�c�h� �l�a�y�e�r� 

�b�e�t�w�e�e�n� �t�w�o� �c�o�n�t�o�u�r� �l�i�n�e�s� �r�e�p�r�e�s�e�n�t�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e� �p�e�r�c�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n�.� 

�S�t�u�d�y� �o�f� �t�h�e�s�e� �f�i�g�u�r�e�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �f�u�n�c�t�i�o�n� �p�e�a�k�s� �a�t� 

�t�h�e� �1�5�-�d�e�g� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�.� �T�h�e�n� �a�s� �t�h�i�s� �a�n�g�l�e� �d�e�c�r�e�a�s�e�s� �t�o� �8� �d�e�g�,� �t�h�e� 

�f�u�n�c�t�i�o�n� �a�p�p�r�o�a�c�h�e�s� �a� �m�i�n�i�m�u�m�.� �F�o�r� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s� �l�e�s�s� �t�h�a�n� �8� �d�e�g�,� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �f�u�n�c�t�i�o�n� �s�t�a�r�t�s� �t�o� �i�n�c�r�e�a�s�e�,� �a�n�d� �b�e�c�o�m�e�s� �a�l�m�o�s�t� �c�o�n�s�t�a�n�t� �o�v�e�r� 

�a� �w�i�d�e�r� �r�a�n�g�e� �o�f� �s�o�l�a�r� �a�n�g�l�e�s� �f�o�r� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e�s� �v�a�r�y�i�n�g� �f�r�o�m� �0� �t�o� �-�8� �d�e�g�.� �I�n� 

�o�t�h�e�r� �w�o�r�d�s�,� �t�h�e� �s�u�r�f�a�c�e� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �f�u�n�c�t�i�o�n� �h�a�s� �a� �p�l�a�t�e�a�u� 

�b�e�t�w�e�e�n� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s� �o�f� �0� �a�n�d� �-� �8� �d�e�g�.� �F�o�r� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e�s� �l�e�s�s� 

�t�h�a�n� �-�8� �d�e�g�,� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �i�s� �o�u�t�s�i�d�e� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�n�e�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �s�i�g�n�a�l� 

�a�r�r�i�v�i�n�g� �a�t� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �d�e�c�r�e�a�s�e�s� �s�h�a�r�p�l�y�.� �T�h�u�s�,� �i�t� �c�a�n� �b�e� �c�o�n�c�l�u�d�e�d� 

�t�h�a�t� �a�n�y� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n� �b�e�t�w�e�e�n� �0� �a�n�d� �-�8� �d�e�g� �w�i�l�l� �p�r�o�v�i�d�e� �a� �r�e�f�l�e�c�t�i�o�n� �f�r�o�m� 

�t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �t�h�a�t� �i�s� �r�e�l�a�t�i�v�e�l�y� �i�n�v�a�r�i�a�n�t� �w�i�t�h� �s�o�l�a�r� 

�a�n�g�l�e�.� �I�t� �m�u�s�t� �b�e� �t�a�k�e�n� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �f�u�n�c�t�i�o�n� �i�n�c�r�e�a�s�e�s� 

�w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e�.� �T�h�e� �o�p�t�i�m�a�l� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�i�s� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �[�0�,� �-�8� �d�e�g�]� �i�n�t�e�r�v�a�l�,� �w�h�i�c�h� �i�s� �t�h�e� �-�4�-�d�e�g� �o�r�i�e�n�t�a�t�i�o�n�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�3



�T�o� �f�u�r�t�h�e�r� �j�u�s�t�i�f�y� �t�h�e� �-�4�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �r�e�c�a�l�l� �t�h�a�t� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �h�a�s� �b�e�e�n� 

�u�s�e�d� �s�o� �f�a�r� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �a�x�i�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�o�r�i�e�n�t�a�t�i�o�n�,� �w�h�i�c�h� �i�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �n�o�r�m�a�l� �o�f� �t�h�e� �p�l�a�t�e� �a�n�d� �t�h�e� �r�e�f�e�r�e�n�c�e� 

�b�a�f�f�l�e� �a�x�i�s�.� �B�u�t� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �i�n�c�i�d�e�n�t� �t�o� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �c�a�n� �v�a�r�y� �w�i�t�h�i�n� �t�h�e� �f�i�e�l�d� 

�o�f� �v�i�e�w� �o�f� �t�h�e� �M�A�M� �b�a�f�f�l�e�,� �w�h�i�c�h� �i�s� �+�4� �d�e�g� �(�o�r� �4� �d�e�g� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� 

�a�x�i�s�)�.� �T�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �n�o�r�m�a�l� �a�n�d� �t�h�e� �a�n�g�l�e� �o�f� �i�n�c�o�m�i�n�g� �s�o�l�a�r� 

�e�n�e�r�g�y� �m�u�s�t� �f�a�l�l� �w�i�t�h�i�n� �t�h�e� �i�n�t�e�r�v�a�l� �[�0�,� �-�8� �d�e�g�]�.� �T�h�i�s� �g�u�a�r�a�n�t�e�e�s� �t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�f�a�c�t�o�r� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �w�i�l�l� �f�a�l�l� �o�n� �t�h�e� �p�l�a�t�e�a�u� �d�i�s�c�u�s�s�e�d� �p�r�e�v�i�o�u�s�l�y�.� �A�s� 

�a� �w�o�r�s�t� �c�a�s�e�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�3�,� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �w�i�l�l� �b�e� �4� �d�e�g� �a�b�o�v�e� �t�h�e� �b�a�f�f�l�e� 

�a�x�i�s�.� �T�h�e�n� �i�n� �o�r�d�e�r� �f�o�r� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �n�o�r�m�a�l� �t�o� �r�e�m�a�i�n� �a�b�o�v�e�,� �o�r� �a�t� �l�e�a�s�t� �p�a�r�a�l�l�e�l� 

�t�o�,� �t�h�e� �s�o�l�a�r� �v�e�c�t�o�r�,� �t�h�e� �o�p�t�i�m�a�l� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e� �i�s� �4� �d�e�g� �a�b�o�v�e� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� 

�4�.�5�.�3� �S�t�u�d�y� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M� �p�e�r�f�o�r�m�a�n�c�e� �B�e�t�w�e�e�n� �t�h�e� �0� �a�n�d� �-�4� �D�e�g� 

�D�i�f�f�u�s�e�r� �P�l�a�t�e� �O�r�i�e�n�t�a�t�i�o�n�s� 

�I�n� �o�r�d�e�r� �t�o� �q�u�a�n�t�i�f�y� �t�h�e� �C�E�R�E�S� �M�A�M� �p�e�r�f�o�r�m�a�n�c�e� �f�o�r� �c�o�m�p�a�r�a�t�i�v�e� �p�u�r�p�o�s�e�s� 

�t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �h�a�s� �b�e�e�n� �s�u�b�d�i�v�i�d�e�d� �i�n�t�o� �8�0� �e�q�u�a�l�-�a�r�e�a� 

�e�l�e�m�e�n�t�s�.� �T�h�e� �C�E�R�E�S� �M�A�M� �r�a�y�-�t�r�a�c�e� �m�o�d�e�l� �i�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�f�a�c�t�o�r�s� �o�f� �a�l�l� �a�r�e�a� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �a�s� �w�e�l�l� �a�s� �t�h�e� �m�e�a�n� �v�a�l�u�e� 

�a�n�d� �t�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e�s�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s�.� �T�h�e� �m�e�a�n� �v�a�l�u�e� �o�f� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �c�o�m�p�a�r�e� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� 

�b�y� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �f�o�r� �d�i�f�f�e�r�e�n�t� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s�,� �w�h�i�l�e� �t�h�e� �s�t�a�n�d�a�r�d� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�4



�d�e�v�i�a�t�i�o�n� �i�s� �a�n� �e�x�c�e�l�l�e�n�t� �t�o�o�l� �t�o� �s�h�o�w� �h�o�w� �t�h�e� �r�e�c�e�i�v�e�d� �e�n�e�r�g�y� �i�s� �d�i�s�t�r�i�b�u�t�e�d� �o�v�e�r� �t�h�e� 

�s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�.� 

�F�i�g�u�r�e�s� �3�4� �a�n�d� �3�5� �r�e�p�r�e�s�e�n�t� �t�h�e� �m�e�a�n� �v�a�l�u�e� �a�n�d� �t�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� 

�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �o�n� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� 

�i�n� �t�h�e� �v�e�r�t�i�c�a�l� �p�l�a�n�e�.� �F�i�g�u�r�e� �3�4� �s�h�o�w�s� �r�e�s�u�l�t�s� �f�o�r� �a� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e� �o�f� �1�5� �d�e�g�,� 

�w�h�i�l�e� �F�i�g�u�r�e� �3�5� �s�h�o�w�s� �r�e�s�u�l�t�s� �f�o�r� �p�l�a�t�e� �a�n�g�l�e�s� �o�f� �0� �a�n�d� �-�4� �d�e�g�.� �T�h�e� �1�5�-�d�e�g� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �u�s�e�d� �h�e�r�e� �a�s� �a� �r�e�f�e�r�e�n�c�e� �f�o�r� �c�o�m�p�a�r�i�s�o�n�.� �A�s� �c�a�n� �b�e� �o�b�s�e�r�v�e�d�,� 

�t�h�e�r�e� �i�s� �n�o� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �t�h�e� �0�-� �a�n�d� �-�4�-�d�e�g� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�s�,� �a�n�d� �t�h�e�i�r� �m�e�a�n� �v�a�l�u�e�s� �a�r�e� �a�l�m�o�s�t� �c�o�n�s�t�a�n�t� �c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �o�f� �t�h�e� 

�1�5�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �T�h�e� �u�n�i�f�o�r�m�i�t�y� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�n�e�r�g�y� �o�n� �t�h�e� �s�u�r�f�a�c�e� 

�a�r�e�a� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �i�s� �a�c�c�e�p�t�a�b�l�e� �f�o�r� �b�o�t�h� �0�-� �a�n�d� �-�4�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� 

�F�i�g�u�r�e� �3�5� �a�l�s�o� �s�h�o�w�s� �t�h�a�t� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� �b�y� �t�h�e� �r�a�d�i�o�m�e�t�e�r� 

�a�p�e�r�t�u�r�e� �i�n� �t�h�e� �-�4�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �0�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 

�T�h�i�s� �r�e�s�u�l�t� �c�l�e�a�r�l�y� �f�a�v�o�r�s� �t�h�e� �-�4�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�v�e�r� �t�h�e� �0�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 

�O�t�h�e�r� �s�i�m�u�l�a�t�e�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l�,� �s�u�c�h� �a�s� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �o�n� �t�h�e� �M�A�M� �e�n�c�l�o�s�u�r�e� �a�n�d� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� 

�s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�a�c�k� �o�u�t� �t�o� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �s�o�l�a�r� �a�n�g�l�e�,� �a�r�e� �c�o�m�p�a�r�e�d� �f�o�r� �b�o�t�h� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �i�n� �F�i�g�u�r�e�s� �3�6� �t�h�r�o�u�g�h� 

�3�8�.� �A�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e�s�e� �f�i�g�u�r�e�s�,� �t�h�e�r�e� �i�s� �n�o� �d�i�s�c�e�r�n�i�b�l�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�t�w�o� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� �F�i�g�u�r�e� �3�8� �s�h�o�w�s� �t�h�a�t� �r�e�l�a�t�i�v�e�l�y� �l�i�t�t�l�e� �p�o�w�e�r ��7� �p�e�r�c�e�n�t� �a�t� �t�h�e� 

�m�o�s�t ��i�s� �r�e�f�l�e�c�t�e�d� �b�a�c�k� �o�u�t� �o�f� �t�h�e� �b�a�f�f�l�e� �a�p�e�r�t�u�r�e�.� 

�F�r�o�m� �t�h�e� �c�o�m�p�a�r�a�t�i�v�e� �s�t�u�d�y� �i�n� �t�h�i�s� �s�e�c�t�i�o�n�,� �i�t� �c�a�n� �b�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �b�o�t�h� �t�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�5



�0�-� �a�n�d� �-�4�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �m�e�e�t� �t�h�e� �C�E�R�E�S� �M�A�M� �s�p�e�c�i�f�i�c�a�t�i�o�n�s�.� 

�B�u�t� �b�e�c�a�u�s�e� �t�h�e� �-�4�-�d�e�g� �c�o�n�f�i�g�u�r�a�t�i�o�n� �p�r�o�v�i�d�e�s� �a� �h�i�g�h�e�r� �l�e�v�e�l� �o�f� �r�e�f�l�e�c�t�e�d� �p�o�w�e�r� �t�o� 

�t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �t�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �m�a�y� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�h�e� �o�p�t�i�m�u�m� �d�e�s�i�g�n� 

�o�f� �t�h�e� �C�E�R�E�S� �M�A�M�.� 

�4�.�6� �O�p�t�i�o�n� �t�o� �I�m�p�r�o�v�e� �t�h�e� �C�E�R�E�S� �M�A�M� �P�e�r�f�o�r�m�a�n�c�e� 

�T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �a� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�n� 

�w�h�i�c�h� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �o�r�i�e�n�t�e�d� �4� �d�e�g� �a�b�o�v�e� �t�h�e� �b�a�f�f�l�e� �a�x�i�s� �c�o�u�l�d� �b�e� �u�s�e�d� �t�o� 

�m�e�e�t� �t�h�e� �C�E�R�E�S� �M�A�M� �s�p�e�c�i�f�i�c�a�t�i�o�n�s�.� �A�n�d� �a�l�t�h�o�u�g�h� �t�h�e� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� �b�y� 

�t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �I�s� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �f�o�r� �t�h�a�t� �p�a�r�t�i�c�u�l�a�r� �o�r�i�e�n�t�a�t�i�o�n� 

�o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e�,� �t�h�i�s� �f�r�a�c�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� �b�y� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� 

�w�a�s� �o�n�l�y� �6�8� �p�e�r�c�e�n�t� �o�f� �t�h�e� �m�a�x�i�m�u�m� �o�f� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�a�s�e�,� �w�h�e�r�e� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� 

�i�s� �o�r�i�e�n�t�e�d� �a�t� �1�5� �d�e�g� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� 

�T�h�i�s� �f�r�a�c�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �d�e�p�e�n�d�s� �s�t�r�o�n�g�l�y� �o�n� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�d� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�.� �I�t� �i�s� �t�h�e�n� �p�o�s�s�i�b�l�e� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� 

�f�r�a�c�t�i�o�n� �o�f� �t�h�e� �r�e�c�e�i�v�e�d� �r�a�d�i�a�t�i�o�n� �b�y� �r�e�d�u�c�i�n�g� �t�h�i�s� �d�i�s�t�a�n�c�e�.� �I�t� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� 

�m�o�v�e� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �a�s� �t�h�i�s� �w�o�u�l�d� �r�e�q�u�i�r�e� �m�a�j�o�r� �c�h�a�n�g�e�s� 

�i�n� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �m�o�d�u�l�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �b�e�s�t� �o�p�t�i�o�n� �i�s� �t�o� �t�r�a�n�s�l�a�t�e� 

�t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �f�o�r�w�a�r�d� �a�n�d� �a�l�o�n�g� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �a� �1�-�c�m� �t�r�a�n�s�l�a�t�i�o�n� 

�o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� �b�y� �t�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�6



�r�a�d�i�o�m�e�t�e�r� �f�r�o�m� �6�8� �t�o� �a�b�o�u�t� �7�5� �p�e�r�c�e�n�t� �o�f� �t�h�e� �r�e�f�e�r�e�n�c�e� �v�a�l�u�e�.� �R�e�s�u�l�t�s� �o�f� �t�h�e� 

�p�r�o�p�o�s�e�d� �t�r�a�n�s�l�a�t�i�o�n� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �3�9�.� �I�n� �t�h�i�s� �f�i�g�u�r�e�,� �t�h�e� �n�o�r�m�a�l�i�z�e�d� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �i�s� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� �t�h�e� �s�o�l�a�r� �a�n�g�l�e�.� �T�h�e� 

�d�o�t�t�e�d� �l�i�n�e� �j�o�i�n�i�n�g� �t�h�e� �s�q�u�a�r�e� �s�y�m�b�o�l�s� �i�s� �t�h�e� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �d�i�f�f�u�s�e�r� 

�p�l�a�t�e� �i�s� �o�r�i�e�n�t�e�d� �a�t� �1�5� �d�e�g� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� �u�s�e�d� �h�e�r�e� �a�s� �a� 

�r�e�f�e�r�e�n�c�e�.� �T�h�e� �s�o�l�i�d� �l�i�n�e� �j�o�i�n�i�n�g� �t�h�e� �l�i�g�h�t� �c�i�r�c�u�l�a�r� �s�y�m�b�o�l�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�o�r�m�a�l�i�z�e�d� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� �o�f� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �v�a�r�y�i�n�g� �i�n� �t�h�e� 

�v�e�r�t�i�c�a�l� �p�l�a�n�e� �f�o�r� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �o�r�i�e�n�t�e�d� �a�t� �4� �d�e�g� �a�b�o�v�e� �t�h�e� 

�b�a�f�f�l�e� �a�x�i�s� �a�n�d� �t�r�a�n�s�l�a�t�e�d� �1� �c�m� �f�o�r�w�a�r�d� �a�l�o�n�g� �t�h�i�s� �a�x�i�s�.� �T�h�e� �l�i�n�e� �j�o�i�n�i�n�g� �t�h�e� �d�a�r�k� 

�c�i�r�c�u�l�a�r� �s�y�m�b�o�l�s� �i�s� �t�h�e� �p�l�o�t� �f�o�r� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s� �b�u�t� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� �t�h�e� �v�a�r�i�a�t�i�o�n� 

�o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �i�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �p�l�a�n�e�.� �T�w�o� �i�m�p�o�r�t�a�n�t� �o�b�s�e�r�v�a�t�i�o�n�s� �c�a�n� �b�e� �d�r�a�w�n� 

�f�r�o�m� �t�h�i�s� �f�i�g�u�r�e�.� �F�i�r�s�t�,� �w�i�t�h�i�n� �t�h�e� �b�a�f�f�l�e� �f�i�e�l�d� �o�f� �v�i�e�w�,� �t�h�e� �n�o�r�m�a�l�i�z�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� 

�i�s� �c�o�n�s�t�a�n�t� �r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �s�o�l�a�r� �a�n�g�l�e�s�.� �S�e�c�o�n�d�,� �t�h�e� �n�o�r�m�a�l�i�z�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r� 

�i�s� �i�n�c�r�e�a�s�e�d� �t�o� �a� �l�e�v�e�l� �o�f� �a�b�o�u�t� �t�w�o�-�t�h�i�r�d�s� �o�f� �t�h�e� �m�a�x�i�m�u�m� �r�e�f�e�r�e�n�c�e�.� 

�O�t�h�e�r� �i�m�p�r�o�v�e�m�e�n�t�s� �a�r�e� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �r�e�s�u�l�t�s�.� �F�i�g�u�r�e� �4�0� 

�s�h�o�w�s� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�n�t�o� �t�h�e� �e�n�t�i�r�e� 

�e�n�c�l�o�s�u�r�e� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M� �w�i�t�h� �t�h�e� �p�r�o�p�o�s�e�d� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �f�o�r� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n� �e�n�t�e�r�i�n�g� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �C�o�m�p�a�r�e�d� �t�o� �o�t�h�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�,� �a�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �1�5� �a�n�d� �1�6�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �b�y� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �n�o�w� �m�o�r�e� 

�c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�,� �a�n�d� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�n�e�r�g�y� �r�e�c�e�i�v�e�d� �b�y� 

�t�h�i�s� �a�p�e�r�t�u�r�e� �i�s� �m�u�c�h� �m�o�r�e� �u�n�i�f�o�r�m�.� �F�i�g�u�r�e�s� �4�1� �a�n�d� �4�2� �s�h�o�w� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �o�n�t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �w�a�l�l�s� �f�o�r� �v�a�r�i�o�u�s� �s�o�l�a�r� �a�n�g�l�e�s� �i�n� �t�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�7



�v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �p�l�a�n�e�s�.� �T�h�e�s�e� �f�i�g�u�r�e�s� �r�e�v�e�a�l� �t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�n�e�r�g�y� 

�r�e�m�a�i�n�s� �u�n�c�h�a�n�g�e�d� �a�s� �t�h�e� �s�o�l�a�r� �a�n�g�l�e� �v�a�r�i�e�s� �i�n� �b�o�t�h� �t�h�e� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� 

�d�i�r�e�c�t�i�o�n�s�.� �F�i�g�u�r�e� �4�3� �i�s� �t�h�e� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� �o�r�i�e�n�t�e�d� 

�a�t� �1�5� �d�e�g� �b�e�l�o�w� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�i�s� �i�s� �u�s�e�d� �h�e�r�e� �a�s� �a� �r�e�m�i�n�d�e�r� �o�f� �h�o�w� �n�o�n�u�n�i�f�o�r�m� 

�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�n�e�r�g�y� �i�s� �f�o�r� �t�h�e� �o�r�i�g�i�n�a�l� �E�R�B�E� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �a�n�g�l�e�.� 

�R�e�c�a�l�l� �t�h�a�t� �a�l�l� �n�u�m�e�r�i�c�a�l� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �s�o� �f�a�r� �h�a�v�e� �b�e�e�n� �c�a�l�c�u�l�a�t�e�d� �w�i�t�h� �a� 

�r�a�y�-�t�r�a�c�e� �m�o�d�e�l� �u�s�i�n�g� �6�0� �m�i�l�l�i�o�n� �e�n�e�r�g�y� �b�u�n�d�l�e�s�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �i�m�p�r�o�v�e� �t�h�e� 

�g�r�a�p�h�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �C�E�R�E�S� �M�A�M� �m�o�d�e�l� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

�n�u�m�b�e�r� �o�f� �s�u�r�f�a�c�e�-�a�r�e�a� �e�l�e�m�e�n�t�s� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �e�n�e�r�g�y� �b�u�n�d�l�e�s�.� �F�i�g�u�r�e� �4�4� 

�s�h�o�w�s� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �o�n� �t�h�e� �M�A�M� �e�n�c�l�o�s�u�r�e� �s�u�b�d�i�v�i�d�e�d� �i�n�t�o� 

�a�b�o�u�t� �4�0�,�0�0�0� �a�r�e�a� �e�l�e�m�e�n�t�s� �a�n�d� �f�o�r� �o�n�e� �b�i�l�l�i�o�n� �o�f� �c�o�l�l�i�m�a�t�e�d� �e�n�e�r�g�y� �b�u�n�d�l�e�s� �e�m�i�t�t�e�d� 

�f�r�o�m� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g�.� �T�h�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�i�s� �f�i�g�u�r�e� �i�s� �g�r�e�a�t�l�y� �i�m�p�r�o�v�e�d� �c�o�m�p�a�r�e�d� 

�t�o� �t�h�a�t� �o�f� �F�i�g�u�r�e� �4�1�.� �T�h�i�s� �r�e�f�i�n�e�d� �r�e�s�u�l�t� �t�a�k�e�s� �a�b�o�u�t� �2�9� �h�r� �t�o� �r�u�n� �o�n� �a�n� �I�B�M� �R�S�/�6�0�0�0� 

�m�o�d�e�l� �5�6�0�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �5�8



�5�.�0� �C�o�n�c�l�u�s�i�o�n�s� �a�n�d� �R�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�5�.�1� �C�o�n�c�l�u�s�i�o�n�s� 

�A� �r�a�d�i�a�t�i�v�e� �t�h�e�r�m�a�l� �m�o�d�e�l� �b�a�s�e�d� �o�n� �t�h�e� �M�o�n�t�e�-�C�a�r�l�o� �r�a�y�-�t�r�a�c�e� �m�e�t�h�o�d� �h�a�s� 

�b�e�e�n� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�e� �C�E�R�E�S� �M�A�M�.� �R�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�i�s� �m�o�d�e�l� �s�h�o�w� �t�h�a�t�:� 

�1�.� �T�h�e� �M�o�n�t�e�-�C�a�r�l�o� �m�e�t�h�o�d� �u�s�e�d� �t�o� �m�o�d�e�l� �t�h�e� �C�E�R�E�S� �M�A�M� �p�r�o�v�i�d�e�s� �r�e�a�l�i�s�t�i�c� 

�r�a�d�i�a�t�i�v�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t�.� 

�2�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� 

�a�p�e�r�t�u�r�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�o�l�a�r� �a�n�g�l�e� �i�s� �n�o�t� �c�a�u�s�e�d� �e�n�t�i�r�e�l�y� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� 

�o�f� �t�h�e� �b�l�a�c�k� �m�a�s�k� �o�n� �t�h�e� �E�R�B�E� �M�A�M� �a�s� �h�a�d� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �h�y�p�o�t�h�e�s�i�z�e�d�.� 

�3�.� �T�h�e� �1�5�-�d�e�g� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �c�a�r�r�i�e�d� �o�v�e�r� �f�r�o�m� �t�h�e� �E�R�B�E� �M�A�M� 

�d�e�s�i�g�n� �c�a�n�n�o�t� �b�e� �u�s�e�d� �t�o� �m�e�e�t� �t�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �o�f� �t�h�e� �C�E�R�E�S� �M�A�M�.� 

�4�.� �M�u�l�t�i�p�l�e� �r�e�f�l�e�c�t�i�o�n�s� �w�i�t�h�i�n� �e�a�c�h� �s�p�h�e�r�i�c�a�l� �m�i�r�r�o�r� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �e�x�i�s�t�s� �f�o�r� 

�C�o�n�c�l�u�s�i�o�n�s� �a�n�d� �R�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �5�9



�a�l�l� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s� �g�r�e�a�t�e�r� �t�h�a�n� �8� �d�e�g�.� 

�T�h�e� �o�p�t�i�m�u�m� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �4� �d�e�g� �a�b�o�v�e� 

�t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �W�i�t�h� �t�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �o�f� �e�n�e�r�g�y� �f�r�o�m� �t�h�e� 

�d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�o� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �i�s� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �v�a�r�i�a�t�i�o�n�s� �o�f� �t�h�e� 

�s�o�l�a�r� �i�n�c�i�d�e�n�c�e� �d�i�r�e�c�t�i�o�n� �i�n� �b�o�t�h� �t�h�e� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �p�l�a�n�e�s�.� 

�T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�a�t�i�o�n� �e�n�e�r�g�y� �a�c�r�o�s�s� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �i�s� �u�n�i�f�o�r�m� 

�f�o�r� �a�l�l� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s� �r�a�n�g�i�n�g� �f�r�o�m� �0� �t�o� �8� �d�e�g� �a�b�o�v�e� �t�h�e� �b�a�f�f�l�e� 

�a�x�i�s�.� 

�T�h�e� �f�r�a�c�t�i�o�n� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�a�c�k� �o�u�t� �t�o� �t�h�e� �b�a�f�f�l�e� �o�p�e�n�i�n�g� �i�s� 

�e�s�s�e�n�t�i�a�l�l�y� �t�h�e� �s�a�m�e� �f�o�r� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �o�r�i�e�n�t�e�d� �a�t� �O� �a�n�d� �4� �d�e�g� �a�b�o�v�e� �t�h�e� 

�b�a�f�f�l�e� �a�x�i�s�.� 

�T�h�e� �r�e�f�l�e�c�t�e�d� �r�a�d�i�a�t�i�o�n� �r�e�c�e�i�v�e�d� �b�y� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �c�a�n� �b�e� �i�n�c�r�e�a�s�e�d� 

�b�y� �t�r�a�n�s�l�a�t�i�n�g� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �f�o�r�w�a�r�d� �a�l�o�n�g� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�i�s� �t�r�a�n�s�l�a�t�i�o�n� 

�d�o�e�s� �n�o�t� �a�f�f�e�c�t� �t�h�e� �u�n�i�f�o�r�m�i�t�y� �o�f� �t�h�e� �r�e�f�l�e�c�t�e�d� �o�f� �e�n�e�r�g�y�.� 

�5�.�2� �R�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�1�.� �I�t� �i�s� �r�e�c�o�m�m�e�d�e�d� �t�h�a�t� �t�h�e� �C�E�R�E�S� �M�A�M� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �b�e� �o�r�i�e�n�t�e�d� �4� �d�e�g� 

�a�b�o�v�e� �t�h�e� �b�a�f�f�l�e� �a�x�i�s�.� �T�h�i�s� �p�a�r�t�i�c�u�l�a�r� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �i�s� 

�C�o�n�c�l�u�s�i�o�n�s� �a�n�d� �R�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �6�0



�c�h�o�s�e�n� �b�e�c�a�u�s�e� �i�t� �p�r�o�v�i�d�e�s�:� 

�¢� �T�h�e� �m�a�x�i�m�u�m� �a�m�o�u�n�t� �o�f� �r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �p�l�a�t�e� �t�o� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �w�h�i�c�h� �i�s� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �i�n�c�i�d�e�n�t� 

�s�o�l�a�r� �v�e�c�t�o�r�.� 

�¢� �A� �u�n�i�f�o�r�m� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�e�f�l�e�c�t�e�d� �r�a�d�i�a�t�i�o�n� �a�c�r�o�s�s� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� 

�r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e�.� 

�¢� �A� �m�a�x�i�m�u�m� �o�f� �r�a�d�i�a�t�i�o�n� �r�e�f�l�e�c�t�e�d� �b�a�c�k� �o�u�t� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �t�h�r�o�u�g�h� �t�h�e� 

�b�a�f�f�l�e� �o�p�e�n�i�n�g� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �t�h�e�r�m�a�l� �n�o�i�s�e� �e�m�i�s�s�i�o�n� �f�r�o�m� �t�h�e� �e�n�c�l�o�s�u�r�e� 

�w�a�l�l�s�.� 

�2�.� �A� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �f�o�r� �e�m�i�s�s�i�o�n� �f�r�o�m� �t�h�e� �r�a�d�i�o�m�e�t�e�r� 

�a�p�e�r�t�u�r�e� �t�o� �a�l�l� �o�t�h�e�r� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �e�n�c�l�o�s�u�r�e� �s�h�o�u�l�d� �b�e� �p�e�r�f�o�r�m�e�d�.� �T�h�e�n� 

�u�s�i�n�g� �r�e�c�i�p�r�o�c�i�t�y� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�a�c�t�o�r�s� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �E�q�u�a�t�i�o�n� �2�.�3�,� �t�h�e� 

�r�a�d�i�a�t�i�o�n� �e�x�c�h�a�n�g�e� �b�e�t�w�e�e�n� �t�h�e� �r�a�d�i�o�m�e�t�e�r� �a�p�e�r�t�u�r�e� �a�n�d� �a�l�l� �o�t�h�e�r� �s�u�r�f�a�c�e�s� 
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