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(ABSTRACT) 

We present a study of ete™ collisions where only photons are visible in the final state 

in data taken with the AMY detector at TRISTAN. Data are presented at CM energies 

from 50 to 64 GeV, with a total integrated luminosity of 189.1 pb~!. Differential cross 

sections for ete™ — yy, y77 are measured and compared to O(a?) QED. A search for 

electron compositeness through an ete yy contact interaction is conducted, and limits are 

presented. A search for the pair production of unstable photinos is also presented with 

limits. Finally, the result of a search for anomalous yy production is presented, based upon 

energy scan data taken in December, 1992.
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Chapter 1 

Introduction 

The simplest possible gauge symmetry is the U(1) symmetry of quantum electrodynamics 

(QED); one of the simplest processes described by QED is the annihilation of an electron 

and a positron into a pair of photons. Because of this simplicity, ete” — yy provides a 

clean test of QED even at very high collision energies. Indeed, the simplicity of this process 

is preserved well past the Z-pole, as the electroweak interaction contributes no new diagrams 

at the tree level. 

It was shown very early, however, that the vacuum is not so pat: in any physical example 

of this process, the initial state electron and positron will suffer some amount of photon 

bremsstrahlung [1]. As one improves an experiment in order to detect these radiated pho- 

tons, an ever-increasing number of photons at ever-decreasing energies is observed. The 

effect of this infrared divergence is such that, no matter how sophisticated one’s experi- 

ment, the final state can never be completely described. 

Clearly, for any experiment with the energy and angular resolution sufficient to resolve even 

the coarsest of these radiative effects, any measurement of this process must include higher 

order real corrections (ete” — yyy, etc.) and virtual corrections in the perturbative ex- 

pansion. One would then also hope to measure experimentally these higher-order processes



with more than two photons in the final state; this would allow empirical measurements of 

the sizes of the predicted corrections, and also provide supplemental tests of the underlying 

physics. 

Once the radiative corrections have been dealt with, measurements of ete~ — yy can 

be used to explore not only QED, but physics beyond the standard model. Deviations 

in the differential cross section might reveal evidence for possible electron substructure. 

Highly acoplanar yy events might provide evidence for an unstable photino, the conjectured 

supersymmetric partner to the photon. 

Very recently, the L3 experiment at LEP recorded four interesting events containing two 

leptons and two photons in the final state, with no missing momentum or energy [2]. While 

each event by itself was perfectly consistent with QED, the invariant mass distribution of 

the photon pairs was anomalously clumped near 60 GeV. While this observation meshes 

neatly with neither the Standard Model nor any of its conjectured extensions, it does raise 

the possibility of a state near 60 GeV that decays primarily into two photons. 

In this dissertation, we will examine ete” — yy, 777 in data taken with the AMY detector 

at the TRISTAN ete- collider. The data represent a total luminosity of 189.1 pb! at 

center-of-momentum energies from 50 to 64 GeV. In the remainder of this chapter, we will 

examine ete~ annihilation into photons in the Standard Model, and the effects of several 

simple extensions to the Standard Model. Chapter 2 gives an overview of the experimental 

apparati, namely, TRISTAN and AMY. In Chapter 3 we will cover the Monte Carlo 

methods that allow us to compare the experimental data to the Standard Model. Chapter 

4 will describe the methods used to select ete™ — ny events from the AMY data. Chapter 

5 will list the criteria used to select the data samples. Chapters 6 and 7 will present the 

analysis of ete” — yy and ete” — yyy7 and show the comparison with standard QED, 

while Chapter 8 will employ these results to search for evidence of electron compositeness. 

Chapter 9 will present a search for unstable photinos. Conclusions are presented in Chapter 

10. Two appendices are presented at the end of the dissertation: the first presents the results



of a search for the resonant production of yy events near 60 GeV, and the second concerns 

the conversion of photons to ete™ pairs. 

1.1 ete’ yy, yyy in the Standard Model 

1.1.1 The Born Cross Section 

The process ete~ — 7 is described at tree level by two QED Feynman diagrams (Figure 1- 

1). In the first, or t-channel diagram, we describe the positron by a Dirac spinor wu, with 

4-momentum p; and spin s, and the electron by a spinor u2(p2, $2). The outgoing photons 

are assigned momenta (polarizations) of q, (€,) and g2 (€2), respectively. This yields the 

invariant amplitude 

—iM, = (ie)?t%(pi, 51) (is —8) u2(p2, $2), (1.1) 

where m is the electron mass, and slashes indicate multiplication by the Dirac matrices. 

The second, or u-channel diagram is the same as the first, except that the identities of the 

final state photons have been interchanged. This produces the invariant amplitude 

a 
Fat) u2(p2, $2). (1.2) —iMy = (ie)*a;(p1, $1) (¥ 

When we average over initial states and sum over final states, the square of the summed 

amplitude in the high-energy limit is proportional to the Born cross section: 

da\7 1 ——————~ a? Tt u a? 1+ cos? 6 
— = —— 2=> —|}]- -| = —- =— . 

(a5)... 6dqag M1 + M2 2s U T | s 1— cos? @’ (1 3)



U,(P,,8;) (q,,€,) 0, (P,,S1) (q1,£1) 

u2(P2,S2) (q2,€2) U2(P2,S2) (Gz,E2) 

Figure 1-1: Tree level diagrams for ete~ — yy.



where a is the fine structure constant, s,t,u are the usual Mandelstam variables s = 4E?, 

t = —$(1 — cos@), wu = —3(1 + cos@) in the center-of-mass frame in the high-energy 

limit, FE is the incident beam energy, and @ is the angle between the incoming electrons and 

the outgoing photons in the center-of-mass frame. 

This cross section exhibits—insofar as we can assign directions—singular forward and back- 

ward peaks in the final state. These correspond to the cases where the t-channel and u- 

channel electron propogators are almost on-shell. Experimentally, of course, these electrons 

are as indistinguishable as the final state photons. 

1.1.2 Virtual Corrections to ete™ > y7 

The low-order QED virtual corrections are shown in Figs. 1-2 — 1-4, and include electron self- 

energy diagrams, vertex corrections, and box diagrams. Contributions from diagrams with 

a fermion loop, a charged boson loop, or a Fadeev-Popov ghost loop are negligible [3], [4]. 

Each of the virtual corrections can be expressed in the form: 

do YY a 
da\ 

(55). = 57, ° [Gals.t) + Gals,u)] = (5a), (1.4) 

where the subscript a indicates the type of QED virtual correction, i.e. self-energy, vertex, 

or box diagram correction. The terms G,(s,u) are identical to the terms G,(s,t) with t 

and u interchanged [5]. 

Electroweak effects begin to appear in the perturbative expansion at the one-loop level. We 

will not cover them in this dissertation; their contributions at TRISTAN energies are small, 

and they would cloud our discussion of QED. Then, too, the virtual corrections due to the 

weak bosons are not as simple as the corresponding virtual photon corrections, since the 

W and Z masses are so large. The reader is referred to [6] for a complete discussion of the 

O(a) electroweak virtual corrections to ete™ > yy.



Electron Self-Energy Correction 

The diagrams for ete~ — 7 including electron self-energy due to the photon are shown in 

Figure 1-2. The calculation of the contributions from these diagrams is straightforward, 

but leads to a grave conceptual difficulty: because the photon is massless, and because the 

net momentum transfer for the added photon propagator is zero, the contribution from 

these diagrams is actually infinite. With a wink and a nod we will set this problem aside, 

by assigning a fictitious, unspecified rest mass \ to the photon.” 

The QED self energy correction is thus: 

ay 1 —t 3) wu 
Gseir(S, t) = [In (>; + 7m (=) + 4 + (1.5) 

Vertex Correction 

The four diagrams for the photon vertex correction are shown in Figure 1-3. As in the 

case of electron self-energy, the photon propagator leads to a divergence of order InA. The 

resulting correction is 

Gvertex(S,t) = 2 (=3) —In (=) - 3 < — 2In (=) +1. (16) 

‘We can also draw four other diagrams of the same order, where the self-energy correction is applied 

to the external electron lines. Because the initial state electron and positron are on-shell by construction, 

however, the contribution from these diagrams is zero. The effect of electron self-energy is implicitly included 
in the mass of the electron. 

?This is not a dishonest approach. The offensive infinite quantity hides in a term proportional to In, 

which returns our infinity upon evaluation. 

 



  

Figure 1-2: Diagrams for electron self-energy due to the photon



> 
\ e ss
 

    

    wv 
Figure 1-3: Photon vertex correction diagrams for ete~ — 7.



Box Diagram Correction 

The two photon box diagrams are shown in Figure 1-4. Details of the calculation can be 

found in [7]; here we quote the result: 

U U t 

Gros) = 20-F + D-(2- F425) — 7 
u t xr 1 —t\)? 

+ In) + (24 $42t) {E45 [in(S)] 
U —t 

where 

C = In(b)In (=) + x +In (=) In(b), (1.8) 

D = 1 in(b)P + m +1n (=) In(b), (1.9) 
4 6 m 

and 

b= (1-a)/(l+a), a= /1—4m?/s. (1.10) 

1.1.3. Real Corrections to ete~ — yy 

We now must consider the effect of a third real photon in the final state. We have seen that 

arbitrary numbers of photons are always present, but even one additional photon leads to 

a problem: if we could devise an experiment to catch all three photons (even those of an 

arbitrarily small energy), the entire yy cross section would be subsumed into the y7y7 cross 

section. One practical way to approach this problem is to choose some minimum photon 

energy (ideally somewhat below the experimental detection limit, but otherwise arbitrary).
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Figure 1-4: Photon box diagrams for ete~ — v7.
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The “soft photon” emission cross section—that part of the yy cross section below the 

photon energy cut—can then be calculated without considering the momentum of the third 

photon, and included as a correction to the yy cross section [7]. The “hard photon” emission 

cross section, where the momentum of the third photon becomes important, can be treated 

separately.? 

1.1.4 Soft Photon Emission Correction to ete™ > yy 

The cross section for emitting an additional photon of some small energy Fog, is proportional 

to 1/Esoft, thus the cross section for producing an ete~ — yy event without an additional 

photon is exactly zero. In an experiment where we wish to distinguish a yy from a yyy 

event, however, what we want to know is the cross section for producing an ete~ > yy 

event without additional photons except those below the detection limit. This part of the 

cross section diverges. 

As in the case of the virtual corrections, we can regulate this divergence by pretending that 

the photon has a finite mass A. The part of the soft emission cross section containing this 

divergence can be separated from the finite part, thus: 

do vy do vy 

(a). ~ (Sa). ° [Raiv( soft d) + Rénite] . (1.11) 

The calculations of Raiy and Rgnite are too lengthy to present here, but they are derived 

in a number of sources [9], [10], [11]. If we assume (as at TRISTAN) that the laboratory 

frame is the CM frame, we state that 

  

3An alternative approach, calculating the infrared divergence non-perturbatively using the Yennie- 

Frautschi-Suura exponentiation technique [8], shows great promise, but has yet to be implemented in the 

ete” — ny case. The main practical advantage to the YFS approach is the accurate generation of many 

soft photons in a single event without having to calculate intractable legions of diagrams.
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2 
Rav = a|ive In @ — 2} In (==) 

T a b r 

_ afl 1 1+? 2a 1 (7) 
Reénite = fim (=) _ Oa l2sp (=) + 5 in b ; (1.12) 

where m is the electron mass, and we have introduced the Spence function 

    

Sp(z) = - [a (1.13) 

Taking the extreme relativistic limit, and knowing that Sp(1) = 7/6, we see that 

  

Raiv = 

Rénite = [In (=) - 5 in? (=) - = , (1.14) 

The soft photon emission contribution to the yy cross section is then given by: 

do\"% — (do\" a 2 Ecott 1, 7 

(Tn 7 (55) om T E (p 7 1) In ( A + p 9 3 ’ (1.15) 

where p = In(s/m?). It should be noted that all of the angular dependence for this 

expression is contained in the Born cross section, i.e. that the soft photons are radiated 

isotropically. 

1.1.5 ete” — yyy Cross Section 

Before we can calculate the contribution to the yy cross section from the emission of a 

hard real photon, it is of course necessary to compute the cross section for electron-positron
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annihilation into three photons. There are six diagrams for ete” — yyy. One of these is 

shown in Figure 1-5; the other diagrams are distinguished only by the order of the final 

state photons [12]. 

The differential cross section for ete7 — y7y7 is somewhat more difficult to express than 

that for ete” — y7, simply because there are three particles in the final state. If we 

note that there are three independent momentum dimensions for each photon and four 

energy /momentum constraint equations, we see that the differential cross section has five 

dimensions, rather than the simple two dimensions of the ete~ — 7 cross section.* There 

are many possible coordinate system choices for this 5-dimensional space; here we illustrate 

one [13]. 

We start with the standard right-handed Cartesian coordinate system defined relative to 

the AMY detector. The +2-axis is defined as being in the direction of the initial-state 

electron; polar angles are measured relative to this axis. Azimuthal angles are measured 

relative to the +z-axis, clockwise as viewed from the +z-axis. The +y-axis is defined as 

pointing in the —(z x 2) direction (“upwards”, in the vernacular). 

Next we will define four of the five independent dimensions by choosing the directions of two 

of the photons, denoted (0,4) and (6’, ¢’), respectively. These are illustrated in Figure 1-6. 

We must be careful in choosing our last coordinate. It is not convenient to choose a polar or 

azimuthal angle for the third photon, as the directions of the three photons are constrained 

by momentum conservation to lie in a plane, as shown in Figure 1-7. We have already 

chosen two of the photon directions. We define the angle between them to be #3, noting 

that © 

cos#3 = sin 6 sin 6’ cos(¢ — ¢') + cos@ cos 6’. (1.16) 
  

“In each case, one of these dimensions can be integrated away at the outset: the assumption of unpolarized 

initial states results in an overall ¢ symmetry.
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U,(P1,S;) (q1,€1) 

(Q2,€2) 

Us(P2,S2) (Q3,€s) 

Figure 1-5: Diagram for ete™ > yyy.
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�m�i�n�d� �t�h�a�t� �t�h�e� �r�o�o�f� �h�o�v�e�r�e�d� �i�n� �m�i�d�a�i�r� �w�h�i�l�e� �t�h�e� �f�o�u�n�d�a�t�i�o�n� �w�a�s� �b�e�i�n�g� �l�a�i�d�!� 

�1�.�2� �U�n�s�t�a�b�l�e� �P�h�o�t�i�n�o�s� �i�n� �S�u�p�e�r�s�y�m�m�e�t�r�i�c� �M�o�d�e�l�s� 

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

�s�u�p�e�r�s�y�m�m�e�t�r�y� �(�S�U�S�Y�)�,� �w�h�i�c�h� �d�e�m�a�n�d�s� �s�y�m�m�e�t�r�y� �b�e�t�w�e�e�n� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �f�e�r�m�i�o�n�s� �a�n�d� 

�b�o�s�o�n�s� �[�1�5�]�.� �I�t� �w�o�u�l�d� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �p�h�y�s�i�c�a�l� �p�a�r�t�i�c�l�e�s� �a�s� �a� �d�i�s�c�r�e�t�e�,� �c�o�n�s�e�r�v�e�d� �c�h�a�r�g�e� 

�k�n�o�w�n� �a�s� �R�-�p�a�r�i�t�y�.� �A�l�l� �c�u�r�r�e�n�t�l�y� �k�n�o�w�n� �f�u�n�d�a�m�e�n�t�a�l� �p�a�r�t�i�c�l�e�s� �a�r�e� �d�e�f�i�n�e�d� �t�o� �h�a�v�e� �e�v�e�n� �R�-� 

�p�a�r�i�t�y�.� �S�U�S�Y� �p�o�s�t�u�l�a�t�e�s� �t�h�a�t� �f�o�r� �e�a�c�h� �s�t�a�t�e� �o�f� �e�v�e�n� �R�-�p�a�r�i�t�y� �t�h�e�r�e� �w�o�u�l�d� �b�e� �a� �s�t�a�t�e� �o�f� �o�d�d� 

�R�-�p�a�r�i�t�y�.� �T�h�e�s�e� �o�d�d� �R�-�p�a�r�i�t�y ��o�r� �s�u�p�e�r�s�y�m�m�e�t�r�i�c ��s�t�a�t�e�s� �w�o�u�l�d� �s�h�a�r�e� �e�x�a�c�t�l�y� �t�h�e� �s�a�m�e� 

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

�s�p�i�n�.� 

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

�S�U�S�Y� �e�x�i�s�t�s� �i�t� �m�u�s�t� �b�e� �d�e�e�p�l�y� �b�r�o�k�e�n�.� �R�-�p�a�r�i�t�y� �m�u�s�t� �b�e� �c�o�n�s�e�r�v�e�d�,� �s�o� �S�U�S�Y� �s�t�a�t�e�s� �c�a�n�n�o�t� 

�d�e�c�a�y� �s�o�l�e�l�y� �i�n�t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �p�a�r�t�i�c�l�e�s�.� �I�t� �t�h�e�r�e�f�o�r�e� �f�o�l�l�o�w�s� �t�h�a�t� �t�h�e� �l�i�g�h�t�e�s�t� �S�U�S�Y� �p�a�r�t�i�c�l�e� 

�(�L�S�P�)� �m�u�s�t� �b�e� �s�t�a�b�l�e�.� �F�u�r�t�h�e�r�m�o�r�e�,� �c�o�s�m�o�l�o�g�i�c�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �s�h�o�w� �t�h�a�t� �t�h�e� �L�S�P� �m�u�s�t� 

�b�e� �m�a�s�s�l�e�s�s�,� �o�r� �v�e�r�y� �n�e�a�r�l�y� �s�o� �[�1�6�]�.� 

�M�a�n�y� �e�x�p�l�i�c�i�t� �S�U�S�Y� �m�o�d�e�l�s� �a�s�s�u�m�e� �t�h�a�t� �t�h�e� �p�h�o�t�i�n�o� �(�t�h�e� �S�U�S�Y� �p�a�r�t�n�e�r� �t�o� �t�h�e� �p�h�o�t�o�n�,� 

�d�e�n�o�t�e�d� �7�)� �i�s� �m�a�s�s�l�e�s�s�,� �t�h�a�t� �i�t� �i�s� �t�h�e� �L�S�P�,� �a�n�d� �t�h�a�t� �i�t� �i�s� �t�h�e�r�e�f�o�r�e� �s�t�a�b�l�e�.� �A�c�c�o�r�d�i�n�g�l�y�,� �m�o�s�t� 

�e�x�p�e�r�i�m�e�n�t�a�l� �s�e�a�r�c�h�e�s� �f�o�r� �e�v�i�d�e�n�c�e� �o�f� �S�U�S�Y� �t�a�k�e� �t�h�i�s� �a�s� �a� �s�t�a�r�t�i�n�g� �a�s�s�u�m�p�t�i�o�n�.� �I�t� �h�a�s� �b�e�e�n� 

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

�p�h�o�t�i�n�o� �i�s� �n�e�c�e�s�s�a�r�i�l�y� �u�n�s�t�a�b�l�e�,� �a�n�d� �d�e�c�a�y�s� �i�n�t�o� �a� �p�h�o�t�o�n� �a�n�d� �a� �G�o�l�d�s�t�i�n�o� �(�G�)� �[�1�8�]�.� 
� � 

�>�T�h�e� �a�l�e�r�t� �r�e�a�d�e�r� �w�i�l�l� �n�o�t�i�c�e� �t�h�a�t� �t�h�e� �s�e�r�i�e�s� �e�x�p�a�n�s�i�o�n� �i�n� �e�q�u�a�t�i�o�n� �1�.�3�0� �c�o�u�l�d� �b�e� �c�o�n�t�i�n�u�e�d� �t�o� �h�i�g�h�e�r� �o�r�d�e�r� 
�i�n� �m�,� �r�e�v�i�v�i�n�g� �t�h�e� �d�i�v�e�r�g�e�n�c�e�.� �T�h�e�s�e� �t�e�r�m�s�,� �h�o�w�e�v�e�r�,� �w�i�l�l� �b�e� �c�a�n�c�e�l�l�e�d� �b�y� �t�e�r�m�s� �i�n� �t�h�e� �h�i�g�h�e�r� �o�r�d�e�r� �r�e�a�l� �a�n�d� 
�v�i�r�t�u�a�l� �c�o�r�r�e�c�t�i�o�n�s�.



�2�1� 

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

�d�i�a�g�r�a�m� �i�n� �F�i�g�u�r�e� �1�-�8�.� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �i�s� �m�e�d�i�a�t�e�d� �b�y� �t�h�e� �e�x�c�h�a�n�g�e� �o�f� �a� �s�c�a�l�a�r� �e�l�e�c�t�r�o�n� �(�o�r� 

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

�t�h�i�s� �p�r�o�c�e�s�s� �i�s�:� 

�d�o� �1� �g�k�?�(�1�+� �2�7�)�  �� �s�(�2�k�  �� �m�2�  �� �s�/�4�)�x�?� �+� �s�?�6�?�2�4�/�4� 
 ��=� �2� �1�.�3�1� �d�x� �4�7�7� �(�k�2�  �� �s�2�8�2�2�2�/�4�)�?� �(�1�.�3�1�)� 
� � 

�w�h�e�r�e� �k� �=� �M�(�é�)�?�  �� �M�(�4�)�?� �+� �s�/�2�,� �@� �i�s� �t�h�e� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �p�h�o�t�i�n�o� �(�7�)�,� �a�n�d� �x� �=� �c�o�s� �6�;� �(�s�e�e�,� 

�f�o�r� �e�x�a�m�p�l�e�,� �[�1�9�]� �o�r� �[�2�0�]�)�.� 

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

�1� 
�L�e�f�t� �=� �~� �9�d� �P�E�T� �u�w� �O�[�F�e �� �b�s�]� �+� �h�i�c�.�,� �(�1�.�3�2�)� 

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

�8�r�d�?� 
�T�-� �j�r�G� �=� �Y�E �� �(�1�.�3�3�)� 

�w�h�e�r�e� �d� �i�s� �t�h�e� �s�q�u�a�r�e� �o�f� �t�h�e� �S�U�S�Y� �b�r�e�a�k�i�n�g� �s�c�a�l�e�.� �C�l�e�a�r�l�y�,� �i�f� �t�h�i�s� �s�c�a�l�e� �i�s� �t�o�o� �l�a�r�g�e� �a�n�d� �t�h�e� 

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

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

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

�a�c�o�p�l�a�n�a�r�i�t�y� �t�o� �b�e� �£� �=� �|�1�8�0�°�  �� �A�d�]�,� �w�h�e�r�e� �A�¢�@� �i�s� �t�h�e� �a�z�i�m�u�t�h�a�l� �o�p�e�n�i�n�g� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� 

�p�h�o�t�o�n�s�.� 

�T�h�e� �p�r�i�m�a�r�y� �b�a�c�k�g�r�o�u�n�d� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �t�h�i�s� �a�c�o�p�l�a�n�a�r� �y�y� �s�i�g�n�a�t�u�r�e� �i�s� �e�t�e�~�  �� �(�7�)�y�7�,� 

�w�h�e�r�e� �o�n�e� �o�f� �t�h�e� �p�h�o�t�o�n�s� �r�e�m�a�i�n�s� �u�n�d�e�t�e�c�t�e�d�.� �T�h�e� �b�a�c�k�g�r�o�u�n�d� �p�r�o�c�e�s�s� �e�t�e�~�  �� �(�e�t�e�~�)� �7� 

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



�2�2� 

�e�+� 

�e�-� 

� � 
�F�i�g�u�r�e� �1�-�8�:� �D�i�a�g�r�a�m�s� �f�o�r� �e�t�e�~�  �� �7�7� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �d�e�c�a�y�.



�2�3� 

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

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

�S�u�p�e�r�g�r�a�v�i�t�y� �M�o�d�e�l�s� 

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

�s�p�o�n�t�a�n�e�o�u�s�l�y� �b�r�o�k�e�n� �l�o�c�a�l� �s�y�m�m�e�t�r�y� �(�k�n�o�w�n� �a�s� �s�u�p�e�r�g�r�a�v�i�t�y�,� �o�r� �S�U�G�R�A�)� �t�h�e� �s�u�p�e�r�-�H�i�g�g�s� 

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

�(�G�3�/�2�)�,� �t�h�e� �s�p�i�n� �3�/�2� �p�a�r�t�n�e�r� �t�o� �t�h�e� �g�r�a�v�i�t�o�n�.� �T�h�e� �p�h�e�n�o�m�e�n�o�l�o�g�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� 

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

�G�a�y�o� �=� �V�4�r�G�/�3�d�,� �w�h�e�r�e� �G� �i�s� �t�h�e� �N�e�w�t�o�n�i�a�n� �g�r�a�v�i�t�a�t�i�o�n�a�l� �c�o�n�s�t�a�n�t� �[�2�1�]�.� 

�1�.�3� �T�h�e� �E�f�f�e�c�t�s� �o�f� �C�o�m�p�o�s�i�t�e� �M�o�d�e�l�s� 

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

�w�o�r�k�e�d� �b�e�f�o�r�e�)� �i�s� �t�h�e� �c�o�n�j�e�c�t�u�r�e� �t�h�a�t� �t�h�e� �k�n�o�w�n�  ��f�u�n�d�a�m�e�n�t�a�l �� �f�e�r�m�i�o�n�s� �a�r�e� �a�c�t�u�a�l�l�y� �c�o�m�-� 

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

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

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

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

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

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

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

�i�n�t�e�r�a�c�t�i�o�n�.� 

�E�l�e�c�t�r�o�n� �c�o�m�p�o�s�i�t�e�n�e�s�s� �i�s� �o�n�e� �p�o�s�s�i�b�l�e� �a�n�s�w�e�r� �t�o� �a� �l�o�n�g�-�s�t�a�n�d�i�n�g� �q�u�e�s�t�i�o�n� �a�b�o�u�t� �Q�E�D�:� �i�s� �i�t� �a� 

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



�2�4� 

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

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

�o�v�e�r� �w�h�i�c�h� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �i�s� �s�m�o�o�t�h�e�d� �o�u�t� �[�2�2�]�.� �A�t� �a� �h�i�g�h� �e�n�o�u�g�h� �e�n�e�r�g�y� �s�c�a�l�e� �(�c�a�l�l�e�d� �t�h�e� 

�Q�E�D� �c�u�t�o�f�f� �s�c�a�l�e�,� �d�e�n�o�t�e�d� �A�)�,� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�i�s� �s�m�e�a�r�i�n�g� �w�o�u�l�d� �b�e�c�o�m�e� �a�p�p�a�r�e�n�t�.� 

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

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

�f�o�r�m� 

�d�o� �_ ��_�a�®� �1�+� �c�o�s�?�6� �s�?� �3� 
 �� �=�  ��  ��{�]�  �� �6�)�)�.� �.� 
�d�Q� �s� �1 ��c�o�s�?�6� �V�s� �2�A�4� �(�1� �c�o�s� �(�1�.�3�4�)� 

�T�h�e� �Q�E�D� �c�u�t�o�f�f� �m�o�d�e�l� �i�s� �t�h�e�o�r�e�t�i�c�a�l�l�y� �d�i�s�f�a�v�o�r�e�d�,� �b�e�c�a�u�s�e� �i�t� �d�o�e�s� �n�o�t� �e�x�h�i�b�i�t� �c�h�i�r�a�l� �i�n�v�a�r�i�-� 

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

�a�n� �a�d�d�i�t�i�o�n�a�l� �d�i�a�g�r�a�m� �(�F�i�g�u�r�e� �1�-�9�)� �i�n�t�o� �t�h�e� �p�e�r�t�u�r�b�a�t�i�v�e� �e�x�p�a�n�s�i�o�n� �a�t� �t�h�e� �t�r�e�e� �l�e�v�e�l�,� �r�e�p�r�e�-� 

�s�e�n�t�i�n�g� �a�n� �e�e�y�y� �c�o�n�t�a�c�t� �i�n�t�e�r�a�c�t�i�o�n�.� �T�h�e� �L�a�g�r�a�n�g�i�a�n� �f�o�r� �t�h�i�s� �p�r�o�c�e�s�s� �h�a�s� �t�h�e� �f�o�r�m�:� 

�Q�e�?� �-� 
�L�e�t�e�-�y�y� �=� �a�e� �e�e �� �F�o�"� �»� �1�5�0�5�1� �u�O�V�D�;� �(�1�.�3�5�)� 

�j�J�=�L�,�R� 

�w�h�e�r�e� �L�,� �R� �d�e�n�o�t�e� �l�e�f�t�-� �a�n�d� �r�i�g�h�t�-�h�a�n�d�e�d� �c�h�i�r�a�l�i�t�y�,� �A� �i�s� �a� �m�a�s�s� �s�c�a�l�e� �f�a�c�t�o�r� �w�h�i�c�h� �c�h�a�r�a�c�-� 

�t�e�r�i�z�e�s� �t�h�e� �i�n�t�e�r�-�p�r�e�o�n� �i�n�t�e�r�a�c�t�i�o�n�,� �a�n�d� �7�,�2� �=� �+�1� �o�r� �0� �d�e�s�c�r�i�b�e�s� �t�h�e� �c�o�u�p�l�i�n�g� �t�o� �t�h�e� �L�,� �R� 

�c�h�i�r�a�l�i�t�y� �s�t�a�t�e�s�.� 

�T�h�e� �O�(�a�?�)� �e�t�e�~�  �� �7�7� �c�r�o�s�s� �s�e�c�t�i�o�n� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �t�r�a�n�s�v�e�r�s�e� �b�e�a�m� �p�o�l�a�r�i�z�a�t�i�o�n� �t�h�e�n� 

�b�e�c�o�m�e�s� �[�2�3�]�:� 

� � �d�o� �a�?� �|� �1�+� �c�o�s�?� �6� �T�L�S�?� �2� �2� �N�e�s�?� �5� �2� 

�(�3�5�)�.�  �� �2�s� �1 �� �c�o�s�?� �6� �(�:� �+� �4�A�4� �s�i�m� �0� �+� �1� �+� �A�A�4� �s�i�n� �6� �9� �(�1�.�3�6�)



�2�5� 

�.� �+�  ��_� �.� �F�i�g�u�r�e� �1�-�9�:� �C�o�n�t�a�c�t� �d�i�a�g�r�a�m� �f�o�r� �e�T�e�~�  �� �y�y



�2�6� 

�w�h�e�r�e� �A� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�,� �a�n�d� �7�,�.� �T�h�e�r�e� �a�r�e� �e�i�g�h�t� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �c�a�s�e�s� �f�o�r� �A�:� 

�A� �=� �A�X� �f�o�r� �(�m�,�7�,�)� �=� �(�+�1�,�0�)� 

�A�t� �f�o�r� �(�m�7�)� �=� �(�0�,�£�1�)� 

�A�X�t�®� �f�o�r� �(�n�,�m�)� �=� �(�+�1�,�+�1�)� 

�A�*� �f�o�r� �(�m�7�)� �=� �(�+�1�,� �#�1�)�.� �(�1�.�3�7�)� 

�1�.�3�.�1� �E�x�c�i�t�e�d� �E�l�e�c�t�r�o�n� �I�n�t�e�r�m�e�d�i�a�t�e� �S�t�a�t�e� 

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

�e�l�e�c�t�r�o�n� �(�e�*�)�,� �w�h�e�r�e�i�n� �t�h�e� �p�r�e�o�n�s� �h�a�v�e� �a�s�s�u�m�e�d� �a�n� �o�r�b�i�t�a�l�l�y� �e�x�c�i�t�e�d� �s�t�a�t�e�.� �S�u�c�h� �a� �s�t�a�t�e� 

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

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

�b�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �d�i�a�g�r�a�m�s� �i�n� �F�i�g�u�r�e� �1�-�1�,� �b�u�t� �m�e�d�i�a�t�e�d� �b�y� �t�h�e� �e�x�c�h�a�n�g�e� �o�f� �a�n� �e�*� �i�n� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e� �s�t�a�t�e�.� 

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

�d�i�a�g�r�a�m�s�,� �w�o�u�l�d� �b�e� �g�i�v�e�n� �b�y� �a� �s�p�e�c�i�a�l� �c�a�s�e� �o�f� �E�q�u�a�t�i�o�n� �1�.�3�6�:� 

�(�)� �_� �&� �J�t�c�o�s�a�)�?� �|� �(�,� �,� �(�n�i�s�)�?�s�?� �s�i�n�?� �6� �°� �1� �4�.� �L�m�e�s�)�?�s�?� �s�i�n�?� �6� �?� 
�d�Q�)�,�,� �4�8� �|�)� �1 ��c�o�s�?�6� �4�A�2�,� �(�m�e�x�  �� �u�)� �4�A�2�,�(�m�e�x�  �� �u�)� 

�.� �C�a�e�r� �|� �(�1�+� �h�a�e�)� �(�1�4� �r�e�a�s�)� �|�|� �(�1�.�3�8�)� 
�1�  �� �c�o�s�?� �6� �4�A�2�,� �(�m�e�  �� �t�)� �4�A�2�,� �(�m�e�x�  �� �t�)� 

�w�h�e�r�e� 

�A�g�e� �=� �A�X� �f�o�r� �(�n�i�e�,� �n�e�s�)� �=� �(�1�,�0�)� 

�A�X�,� �f�o�r� �(�n�t�.� �,� �1�B�)� �=� �(�0�,� �1�)�.� �(�1�.�3�9�)



�2�7� 

�I�f� �w�e� �a�s�s�u�m�e� �t�h�a�t� �m�2�.� �>� �s�,� �w�e� �n�o�t�e� �t�h�a�t� 

�(�A�L�)�?� �=� �A�b�e� �M�e�*� 

�(�A�F�)�?� �=� �A�m�e�s�.� �(�1�.�4�0�)� 

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

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

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

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

�o�b�s�e�r�v�a�b�l�e�,� �i�.�e�.� �t�h�a�t� �(�n�f�,� �7�8�)� �=� �( ��1�,�0�)� �i�s� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �f�r�o�m� �(�7�.�,� �7�%�)� �=� �(�1�,�0�)�.



�C�h�a�p�t�e�r� �2� 

�T�R�I�S�T�A�N� �a�n�d� �A�M�Y� 

�2�.�1� �T�R�I�S�T�A�N� 

�T�R�I�S�T�A�N� �[�2�4�]� �i�s� �a� �c�o�l�l�i�d�i�n�g� �b�e�a�m� �e�l�e�c�t�r�o�n�-�p�o�s�i�t�r�o�n� �s�t�o�r�a�g�e� �r�i�n�g� �l�o�c�a�t�e�d� �a�t� �K�E�K�,� �t�h�e� �N�a�-� 

�t�i�o�n�a�l� �L�a�b�o�r�a�t�o�r�y� �f�o�r� �H�i�g�h� �E�n�e�r�g�y� �P�h�y�s�i�c�s� �i�n� �T�s�u�k�u�b�a�,� �J�a�p�a�n�.� �T�h�i�s� �a�c�c�e�l�e�r�a�t�o�r�,� �c�o�m�m�i�s�-� 

�s�i�o�n�e�d� �i�n� �O�c�t�o�b�e�r�,� �1�9�8�6�,� �p�r�o�d�u�c�e�s� �c�o�l�l�i�s�i�o�n�s� �a�t� �i�n�t�e�r�a�c�t�i�o�n� �p�o�i�n�t�s� �i�n� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� �h�a�l�l�s�.� 

�T�h�r�e�e� �g�e�n�e�r�a�l�-�p�u�r�p�o�s�e� �p�h�y�s�i�c�s� �e�x�p�e�r�i�m�e�n�t�s�,� �A�M�Y�,� �V�E�N�U�S�,� �a�n�d� �T�O�P�A�Z�,� �a�r�e� �c�u�r�r�e�n�t�l�y� �i�n� 

�p�r�o�g�r�e�s�s� �(�S�H�I�P�,� �a� �s�p�e�c�i�a�l�-�p�u�r�p�o�s�e� �e�x�p�e�r�i�m�e�n�t� �d�e�s�i�g�n�e�d� �t�o� �s�e�a�r�c�h� �f�o�r� �h�e�a�v�i�l�y� �i�o�n�i�z�i�n�g� �p�a�r�t�i�-� 

�c�l�e�s�,� �w�a�s� �c�o�m�p�l�e�t�e�d� �i�n� �1�9�8�9�)�.� �B�e�f�o�r�e� �t�h�e� �S�L�C� �a�n�d� �L�E�P� �a�c�c�e�l�e�r�a�t�o�r�s� �c�a�m�e� �o�n�l�i�n�e� �i�n� �1�9�8�9�,� 

�T�R�I�S�T�A�N� �w�a�s� �t�h�e� �h�i�g�h�e�s�t�-�e�n�e�r�g�y� �e�t�e!"� �c�o�l�l�i�d�e�r� �i�n� �t�h�e� �w�o�r�l�d�.� 

�T�R�I�S�T�A�N� �c�o�n�s�i�s�t�s� �o�f� �f�o�u�r� �a�c�c�e�l�e�r�a�t�o�r� �s�u�b�s�y�s�t�e�m�s�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�1�:� �t�h�e� �p�o�s�i�t�r�o�n� �g�e�n�-� 

�e�r�a�t�o�r�,� �t�h�e� �L�i�n�e�a�r� �A�c�c�e�l�e�r�a�t�o�r� �(�L�I�N�A�C�)�,� �t�h�e� �A�c�c�u�m�u�l�a�t�i�o�n� �R�i�n�g� �(�A�R�)�,� �a�n�d� �t�h�e� �M�a�i�n� �R�i�n�g� 

�(�M�R�)�.� �E�l�e�c�t�r�o�n� �b�e�a�m�s� �a�r�e� �i�n�i�t�i�a�l�l�y� �p�r�o�d�u�c�e�d� �a�t� �3�0� �M�e�V� �b�y� �a� �V�a�n� �d�e� �G�r�a�a�f� �a�c�c�e�l�e�r�a�t�o�r�;� 

�p�o�s�i�t�r�o�n� �b�e�a�m�s� �a�r�e� �p�r�o�d�u�c�e�d� �b�y� �a� �2�0�0� �M�e�V� �e�l�e�c�t�r�o�n� �b�e�a�m� �i�n�c�i�d�e�n�t� �u�p�o�n� �a� �t�a�n�t�a�l�u�m� �t�a�r�-� 

�g�e�t�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �e�l�e�c�t�r�o�n� �(�p�o�s�i�t�r�o�n�)� �b�e�a�m� �i�s� �a�c�c�e�l�e�r�a�t�e�d� �t�o� �a�n� �e�n�e�r�g�y� �o�f� �2�.�5� �G�e�V� �b�y� �t�h�e� 

�L�I�N�A�C�,� �a�n�d� �s�t�o�r�e�d� �i�n� �t�h�e� �A�R�.� �W�h�e�n� �a� �c�u�r�r�e�n�t� �o�f� �1�0� �m�A� �i�s� �a�c�h�i�e�v�e�d�,� �t�h�e� �b�e�a�m� �i�s� �a�c�c�e�l�e�r�-� 

�a�t�e�d� �b�y� �t�h�e� �A�R� �t�o� �a�n� �e�n�e�r�g�y� �o�f� �8� �G�e�V�,� �a�n�d� �t�h�e�n� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �M�R�.� �W�h�e�n� �t�w�o� �b�u�n�c�h�e�s� 

�2�8



�2�9� 

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

�c�o�l�l�i�s�i�o�n� �e�n�e�r�g�y�.� 

�T�h�e� �s�u�s�t�a�i�n�e�d� �o�p�e�r�a�t�i�o�n� �o�f� �T�R�I�S�T�A�N� �c�o�m�m�e�n�c�e�d� �i�n� �M�a�y�,� �1�9�8�7� �[�2�5�]�.� �B�e�a�m�s� �i�n� �t�h�e� �M�R� �w�e�r�e� 

�a�c�c�e�l�e�r�a�t�e�d� �b�y� �6�4� �n�i�n�e�-�c�e�l�l� �A�P�S� �c�a�v�i�t�i�e�s�!� �l�o�c�a�t�e�d� �i�n� �t�h�e� �s�t�r�a�i�g�h�t� �s�e�c�t�i�o�n�s� �a�r�o�u�n�d� �t�h�e� �F�u�j�i� 

�a�n�d� �T�s�u�k�u�b�a� �e�x�p�e�r�i�m�e�n�t�a�l� �h�a�l�l�s�,� �p�r�o�v�i�d�i�n�g� �a� �m�a�x�i�m�u�m� �b�e�a�m� �e�n�e�r�g�y� �o�f� �2�6� �G�e�V�.� �D�u�r�i�n�g� 

�t�h�e� �s�u�m�m�e�r� �s�h�u�t�d�o�w�n� �o�f� �1�9�8�7�,� �4�0� �m�o�r�e� �c�a�v�i�t�i�e�s� �w�e�r�e� �i�n�s�t�a�l�l�e�d� �a�r�o�u�n�d� �t�h�e� �O�h�o� �e�x�p�e�r�i�m�e�n�t�a�l� 

�h�a�l�l�.� �T�h�i�s� �p�r�o�v�i�d�e�d� �a� �m�a�x�i�m�u�m� �b�e�a�m� �e�n�e�r�g�y� �o�f� �2�8� �G�e�V�.� �I�n� �t�h�e� �s�u�m�m�e�r� �o�f� �1�9�8�8�,� �1�6� �f�i�v�e�-� 

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

�a� �m�a�x�i�m�u�m� �b�e�a�m� �e�n�e�r�g�y� �o�f� �3�0�.�7� �G�e�V�.� �T�h�e� �f�i�n�a�l� �c�a�v�i�t�y� �u�p�g�r�a�d�e� �c�a�m�e� �i�n� �t�h�e� �s�u�m�m�e�r� �o�f� 

�1�9�8�9�,� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �1�6� �s�u�p�e�r�c�o�n�d�u�c�t�i�n�g� �c�a�v�i�t�i�e�s� �a�r�o�u�n�d� �N�i�k�k�o� �H�a�l�l�.� �I�n� �N�o�v�e�m�b�e�r�,� 

�1�9�8�9�,� �T�R�I�S�T�A�N� �a�c�h�i�e�v�e�d� �i�t�s� �m�a�x�i�m�u�m� �e�n�e�r�g�y� �o�f� �3�2� �G�e�V� �p�e�r� �b�e�a�m�.� 

�D�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r� �s�h�u�t�d�o�w�n� �o�f� �1�9�9�0�,� �s�u�p�e�r�c�o�n�d�u�c�t�i�n�g� �q�u�a�d�r�u�p�o�l�e� �m�a�g�n�e�t�s� �(�Q�C�S�)� �w�e�r�e� 

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

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

�l�u�m�i�n�o�s�i�t�y� �o�f� �1� �p�b�~�!� �p�e�r� �d�a�y� �p�e�r� �i�n�t�e�r�a�c�t�i�o�n� �p�o�i�n�t� �a�t� �,�/�s� �=� �5�8� �G�e�V�.� 

�T�R�I�S�T�A�N ��s� �R�F� �c�a�v�i�t�i�e�s� �o�p�e�r�a�t�e� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �5�0�8�.�5�8� �M�H�z�,� �w�h�i�c�h� �p�r�o�d�u�c�e�s� �5�1�2�0� �s�t�a�n�d�-� 

�i�n�g� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �w�a�v�e�s� �a�r�o�u�n�d� �t�h�e� �3�0�1�8�.�0�8� �m� �c�i�r�c�u�m�f�e�r�e�n�c�e� �o�f� �t�h�e� �M�R�.� �O�n�l�y� �f�o�u�r� �o�f� 

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

�2�.�2� �T�h�e� �A�M�Y� �D�e�t�e�c�t�o�r� 

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

�T�R�I�S�T�A�N� �[�2�6�]�.� �M�o�m�e�n�t�u�m� �r�e�s�o�l�u�t�i�o�n� �i�s� �p�r�o�v�i�d�e�d� �b�y� �a� �3� �T�e�s�l�a� �s�u�p�e�r�c�o�n�d�u�c�t�i�n�g� �m�a�g�n�e�t�i�c� 

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

�c�a�p�a�b�i�l�i�t�i�e�s�.� 
� � 

 ��A�P�S� �s�t�a�n�d�s� �f�o�r�  ��A�l�t�e�r�n�a�t�i�n�g� �P�e�r�i�o�d�i�c� �S�t�r�u�c�t�u�r�e ��.� �T�h�e�s�e� �a�r�e� �c�o�n�v�e�n�t�i�o�n�a�l� �(�i�.�e�.� �n�o�n�-�s�u�p�e�r�c�o�n�d�u�c�t�i�n�g�)� 
�R�F� �c�a�v�i�t�i�e�s� �c�o�m�p�o�s�e�d� �o�f� �a�l�t�e�r�n�a�t�e�l�y� �p�l�a�c�e�d� �l�o�n�g� �a�n�d� �s�h�o�r�t� �c�e�l�l�s�.� �T�h�i�s� �a�r�r�a�n�g�e�m�e�n�t� �i�m�p�r�o�v�e�s� �a�c�c�e�l�e�r�a�t�i�o�n� 
�e�f�f�i�c�i�e�n�c�y�.
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�[� �1� 

�F�i�g�u�r�e� �2�-�1�:� �O�v�e�r�v�i�e�w� �o�f� �t�h�e� �T�R�I�S�T�A�N� �a�c�c�e�l�e�r�a�t�o�r� �c�o�m�p�l�e�x�.� 
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�3�1� 

�T�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �o�f� �A�M�Y�,� �n�o�w� �c�a�l�l�e�d� �A�M�Y� �1�.�0�,� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�2�.� �T�w�o� �d�e�t�e�c�t�o�r�s�,� 

�t�h�e� �I�n�n�e�r� �T�r�a�c�k�i�n�g� �C�h�a�m�b�e�r� �(�I�T�C�)� �a�n�d� �t�h�e� �C�e�n�t�r�a�l� �D�r�i�f�t� �C�h�a�m�b�e�r� �(�C�D�C�)�,� �w�e�r�e� �u�s�e�d� 

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

�S�h�o�w�e�r� �C�o�u�n�t�e�r� �(�S�H�C�)�.� �T�h�e� �r�e�g�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �C�D�C� �a�n�d� �t�h�e� �S�H�C� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �t�r�i�g�g�e�r� 

�s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�e�r�s�.� �M�u�o�n� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �b�y� �t�h�e� �M�u�o�n� �D�e�t�e�c�t�o�r� �(�M�U�O�)�,� 

�l�o�c�a�t�e�d� �o�u�t�s�i�d�e� �t�h�e� �m�a�g�n�e�t�i�c� �y�o�k�e�.� �T�h�e� �P�o�l�e� �T�i�p� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �(�P�T�C�)� �a�n�d� �t�h�e� �R�i�n�g� �V�e�t�o� 

�C�o�u�n�t�e�r� �(�R�V�C�)� �c�o�v�e�r�e�d� �t�h�e� �e�n�d�c�a�p� �r�e�g�i�o�n�s�.� �T�h�e� �s�m�a�l�l� �a�n�g�l�e� �L�u�m�i�n�o�s�i�t�y� �M�o�n�i�t�o�r� �(�L�U�M�)� 

�w�a�s� �f�i�x�e�d� �t�o� �t�h�e� �b�e�a�m� �p�i�p�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �e�n�d�c�a�p�s�.� �T�h�e� �b�e�a�m� �p�i�p�e� �w�a�s� �2�3� �c�m� �i�n� �d�i�a�m�e�t�e�r�,� 

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

�T�h�e� �d�e�t�e�c�t�o�r� �w�a�s� �u�p�g�r�a�d�e�d� �t�o� �A�M�Y� �1�.�5� �(�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�3�)� �i�n� �t�h�e� �s�u�m�m�e�r� �o�f� �1�9�8�9�.� 

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

�e�n�d�c�a�p�s� �c�o�v�e�r�e�d� �b�y� �t�w�o� �n�e�w� �d�e�t�e�c�t�o�r�s�,� �t�h�e� �E�n�d�c�a�p� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �(�E�S�C�)� �a�n�d� �t�h�e� �F�o�r�w�a�r�d� 

�T�r�a�c�k�i�n�g� �C�h�a�m�b�e�r� �(�F�T�C�)�.� �T�h�e� �X�-�R�a�y� �D�e�t�e�c�t�o�r� �(�X�R�D�)�,� �i�n�s�e�r�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �C�D�C� �a�n�d� �t�h�e� 

�S�H�C�,� �w�a�s� �d�e�s�i�g�n�e�d� �f�o�r� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �e�l�e�c�t�r�o�n�s�.� �T�h�e� �L�U�M� �w�a�s� �r�e�p�l�a�c�e�d� �b�y� �a� �s�i�m�i�l�a�r� 

�d�e�t�e�c�t�o�r�,� �t�h�e� �S�m�a�l�l� �A�n�g�l�e� �C�o�u�n�t�e�r� �(�S�A�C�)�.� �A� �n�e�w� �t�r�a�c�k�i�n�g� �c�h�a�m�b�e�r�,� �t�h�e� �V�e�r�t�e�x� �D�e�t�e�c�t�o�r� 

�(�V�T�X�)�,� �w�a�s� �i�n�s�t�a�l�l�e�d� �a�f�t�e�r� �t�h�e� �1�9�9�0� �r�u�n� �p�e�r�i�o�d� �i�n� �t�h�e� �b�a�r�r�e�l� �r�e�g�i�o�n� �i�n�s�i�d�e� �t�h�e� �I�T�C�.� �T�h�e� 

�V�T�X� �w�a�s� �m�o�u�n�t�e�d� �o�n� �a� �n�e�w� �b�e�r�y�l�l�i�u�m� �b�e�a�m� �p�i�p�e� �o�f� �1� �m�m� �t�h�i�c�k�n�e�s�s� �a�n�d� �9�.�5� �c�m� �d�i�a�m�e�t�e�r�. �� 

�F�i�n�a�l�l�y�,� �a� �n�e�w� �t�r�i�g�g�e�r�i�n�g� �s�y�s�t�e�m� �w�a�s� �i�n�s�t�a�l�l�e�d�.� 

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

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

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

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

�2�.�2�.�1� �T�h�e� �A�M�Y� �C�o�o�r�d�i�n�a�t�e� �S�y�s�t�e�m� 

�T�h�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �f�o�r� �t�h�e� �A�M�Y� �d�e�t�e�c�t�o�r� �i�s� �a�s� �f�o�l�l�o�w�s�:� 
� � 

�*�D�u�r�i�n�g� �t�h�e� �f�a�l�l�,� �1�9�8�9� �r�u�n� �p�e�r�i�o�d�,� �a� �p�r�o�t�o�t�y�p�e� �V�T�X� �(�k�n�o�w�n� �a�s� �t�h�e� �p�V�T�X�)� �w�a�s� �i�n�s�t�a�l�l�e�d� �w�i�t�h� �a� �n�e�w� 
�a�l�u�m�i�n�u�m� �b�e�a�m� �p�i�p�e� �o�f� �1� �m�m� �t�h�i�c�k�n�e�s�s� �a�n�d� �1�0� �c�m� �d�i�a�m�e�t�e�r�.� �T�h�e� �o�l�d� �2�3� �c�m� �a�l�u�m�i�n�u�m� �b�e�a�m� �p�i�p�e� �w�a�s� �u�s�e�d� 
�w�i�t�h�o�u�t� �t�h�e� �V�T�X� �d�u�r�i�n�g� �t�h�e� �1�9�9�0� �r�u�n� �p�e�r�i�o�d�.
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�3�4� 

�e� �T�h�e� �+�z� �d�i�r�e�c�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �e�l�e�c�t�r�o�n� �b�u�n�c�h�e�s� �i�n� �T�R�I�S�T�A�N�,� �w�h�i�c�h� 

�t�r�a�v�e�l� �c�l�o�c�k�w�i�s�e� �a�s� �t�h�e�y� �m�o�v�e� �a�r�o�u�n�d� �t�h�e� �M�a�i�n� �R�i�n�g�.� 

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

�T�R�I�S�T�A�N� �M�R�.� 

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

�e� �6� �a�n�g�l�e�s� �a�r�e� �m�e�a�s�u�r�e�d� �f�r�o�m� �t�h�e� �+�z� �a�x�i�s�.� 

�e� �¢� �a�n�g�l�e�s� �a�r�e� �m�e�a�s�u�r�e�d� �c�l�o�c�k�w�i�s�e� �f�r�o�m� �t�h�e� �+�z� �a�x�i�s�,� �a�s� �v�i�e�w�e�d� �f�r�o�m� �t�h�e� �+�z� �d�i�r�e�c�t�i�o�n� 

�(�i�.�e�.� �l�o�o�k�i�n�g� �i�n� �t�h�e�  ��z� �d�i�r�e�c�t�i�o�n�)�.� 

�e�  ��F�u�j�i �� �s�i�d�e� �i�s� �t�h�e� �s�i�d�e� �o�f� �t�h�e� �d�e�t�e�c�t�o�r� �i�n� �t�h�e� �+�z� �d�i�r�e�c�t�i�o�n� �f�r�o�m� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �p�o�i�n�t�.� 

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

�p�o�i�n�t�.� 

�2�.�2�.�2�.� �T�h�e� �S�u�p�e�r�c�o�n�d�u�c�t�i�n�g� �3�T� �M�a�g�n�e�t� �a�n�d� �Y�o�k�e� 

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

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

�4�.�4� �K�.� �T�h�e� �o�p�e�r�a�t�i�n�g� �c�u�r�r�e�n�t� �i�s� �5� �k�A� �[�2�7�]�.� 

�T�h�e� �m�a�g�n�e�t�i�c� �y�o�k�e�,� �a� �h�e�x�a�g�o�n�a�l� �b�l�o�c�k� �o�f� �i�r�o�n� �w�e�i�g�h�i�n�g� �6�5�0� �m�e�t�r�i�c� �t�o�n�s�,� �s�e�r�v�e�s� �s�e�v�e�r�a�l� 

�p�u�r�p�o�s�e�s� �f�o�r� �A�M�Y�.� �F�i�r�s�t�,� �i�t� �p�r�o�v�i�d�e�s� �f�l�u�x� �r�e�t�u�r�n� �f�o�r� �t�h�e� �s�u�p�e�r�c�o�n�d�u�c�t�i�n�g� �s�o�l�e�n�o�i�d�.� �S�e�c�o�n�d�,� 

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

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

�T�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �o�f� �A�M�Y� �1�.�0� �c�a�l�l�e�d� �f�o�r� �a� �v�e�r�y� �l�o�w�-�@� �i�n�s�e�r�t�i�o�n� �m�a�g�n�e�t� �t�o� �b�e� �p�o�s�i�t�i�o�n�e�d� 

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

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

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



�3�9� 

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

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

�I�n� �o�r�d�e�r� �t�o� �i�m�p�r�o�v�e� �t�h�e� �f�l�u�x� �r�e�t�u�r�n� �f�o�r� �t�h�e� �A�M�Y� �s�o�l�e�n�o�i�d�,� �a�n�d� �t�h�u�s� �s�h�i�e�l�d� �t�h�e� �l�o�w�-�G� 

�q�u�a�d�r�u�p�o�l�e� �f�r�o�m� �t�h�e� �i�n�t�e�n�s�e� �m�a�g�n�e�t�i�c� �f�i�e�l�d�,� �t�h�e� �A�M�Y� �1�.�0� �e�n�d�c�a�p�s� �w�e�r�e� �i�n�d�e�n�t�e�d� �n�e�a�r� �t�h�e� 

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

�P�T�C� �h�a�d� �t�o� �b�e� �s�p�l�i�t� �i�n�t�o� �t�w�o� �s�e�c�t�i�o�n�s�,� �a�n�d� �t�h�e� �R�V�C� �c�o�u�l�d� �o�n�l�y� �b�e� �5� �c�m� �t�h�i�c�k�.� 

�W�h�e�n� �t�h�e� �Q�C�S� �m�a�g�n�e�t�s� �w�e�r�e� �i�n�s�t�a�l�l�e�d�,� �t�h�e�y� �w�e�r�e� �n�o�t� �p�l�a�c�e�d� �a�s� �c�l�o�s�e� �t�o� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �p�o�i�n�t� 

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

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

�t�h�e� �n�e�e�d� �f�o�r� �a� �k�e�y�.� �T�h�e�s�e� �d�e�s�i�g�n� �f�l�e�x�i�b�i�l�i�t�i�e�s� �a�r�e� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �A�M�Y� �1�.�5� �e�n�d�c�a�p�s� �[�2�8�]�.� 

�T�h�e� �A�M�Y� �1�.�5� �e�n�d�c�a�p�s� �a�r�e� �4�0� �c�m� �t�h�i�c�k�,� �c�o�m�p�a�r�e�d� �t�o� �5�5� �c�m� �f�o�r� �t�h�e� �A�M�Y� �1�.�0� �e�n�d�c�a�p�s�.� �T�h�i�s� 

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

�m�a�g�n�e�t�i�c� �f�i�e�l�d� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �A�M�Y� �1�.�5� �i�s� �2�.�8�7�2� �T�,� �c�o�m�p�a�r�e�d� �w�i�t�h� �3�.�0�4�0� �T� �f�o�r� �A�M�Y� �1�.�0�.� 

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

�2�.�2�.�3� �T�h�e� �I�n�n�e�r� �T�r�a�c�k�i�n�g� �C�h�a�m�b�e�r� �(�I�T�C�)� 

�T�h�e� �I�n�n�e�r� �T�r�a�c�k�i�n�g� �C�h�a�m�b�e�r� �[�2�9�]� �(�I�T�C�)� �i�s� �a� �s�t�r�a�w� �c�h�a�m�b�e�r� �c�o�m�p�o�s�e�d� �o�f� �5�7�6� �a�l�u�m�i�n�i�z�e�d� 

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

�i�n�g� �i�n� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �p�l�a�n�e� �f�r�o�m� �a� �r�a�d�i�u�s� �o�f� �1�2�.�2� �c�m� �t�o� �1�4�.�2� �c�m� �w�i�t�h� �a� �c�o�v�e�r�a�g�e� �f�r�o�m�  ��2�7�.�5� 

�c�m� �t�o� �2�7�.�5� �c�m� �i�n� �z�.� �E�a�c�h� �t�u�b�e� �h�a�s� �a�n� �a�n�o�d�e� �w�i�r�e� �a�t� �i�t�s� �c�e�n�t�e�r�,� �h�e�l�d� �a�t� �a� �v�o�l�t�a�g�e� �o�f� �1�.�7�5� 

�k�V� �i�n� �a�n� �a�r�g�o�n�-�e�t�h�a�n�e� �a�t�m�o�s�p�h�e�r�e� �(�5�0�%� �A�r�,� �5�0�%� �C�2�H�g� �a�t� �1�.�4�6�a�t�m�)�.� �T�h�e� �t�u�b�e� �d�i�a�m�e�t�e�r�s� 

�i�n�c�r�e�a�s�e� �f�r�o�m� �0�.�5�3� �c�m� �a�t� �t�h�e� �i�n�n�e�r�m�o�s�t� �l�a�y�e�r� �t�o� �0�.�5�9� �c�m� �a�t� �t�h�e� �o�u�t�e�r�m�o�s�t� �l�a�y�e�r�.� �E�a�c�h� �l�a�y�e�r� 

�o�f� �1�4�4� �t�u�b�e�s� �i�s� �o�f�f�s�e�t� �f�r�o�m� �a�d�j�a�c�e�n�t� �l�a�y�e�r�s� �b�y� �1�.�2�5�°� �i�n� �¢�.� �T�h�e� �s�p�a�t�i�a�l� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �I�T�C� 

�i�s� �8�0� �y�m�.
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�2�.�2�.�4� �T�h�e� �C�e�n�t�r�a�l� �D�r�i�f�t� �C�h�a�m�b�e�r� �(�C�D�C�)� 

�T�h�e� �C�e�n�t�r�a�l� �D�r�i�f�t� �C�h�a�m�b�e�r� �[�3�0�]� �(�C�D�C�)� �i�s� �t�h�e� �m�a�i�n� �d�e�t�e�c�t�o�r� �f�o�r� �t�r�a�c�k�i�n�g� �c�h�a�r�g�e�d� �p�a�r�t�i�c�l�e�s�.� 

�I�t�s� �f�i�d�u�c�i�a�l� �c�o�v�e�r�a�g�e� �e�x�t�e�n�d�s� �f�r�o�m� �1�5�.�5� �c�m� �t�o� �6�4�.�0� �c�m� �i�n� �c�y�l�i�n�d�r�i�c�a�l� �r�a�d�i�u�s�,� �w�i�t�h� �2�7� �c�o�v�e�r�a�g�e� 

�i�n� �¢�.� �C�o�v�e�r�a�g�e� �i�n� �6� �s�t�a�r�t�s� �a�t� �|� �c�o�s�6�|� �<� �0�.�8�7� �f�o�r� �t�h�e� �i�n�n�e�r�m�o�s�t� �l�a�y�e�r�s�,� �d�e�c�r�e�a�s�i�n�g� �t�o� �|� �c�o�s� �6�|� �<� 

�0�.�8�0� �f�o�r� �t�h�e� �o�u�t�e�r�m�o�s�t� �l�a�y�e�r�s�.� 

�T�h�e� �C�D�C� �i�s� �c�o�m�p�o�s�e�d� �o�f� �2�5� �l�a�y�e�r�s� �o�f� �a�x�i�a�l� �s�e�n�s�e� �w�i�r�e�s� �a�n�d� �1�5� �l�a�y�e�r�s� �o�f� �s�t�e�r�e�o� �s�e�n�s�e� �w�i�r�e�s�,� 

�b�a�n�d�e�d� �i�n�t�o� �6� �a�x�i�a�l� �a�n�d� �5� �s�t�e�r�e�o� �d�i�s�k�s�.� �T�h�e� �9�0�4�8� �s�e�n�s�e� �(�o�r� �a�n�o�d�e�)� �w�i�r�e�s� �a�r�e� �h�e�l�d� �a�t� �1�.�8� �k�V� 

�i�n� �a�n� �a�t�m�o�s�p�h�e�r�e� �o�f� �H�R�S� �g�a�s� �(�8�9�%� �A�r�,� �1�0�%� �C�O�2�,� �1�%� �C�H�4�)�.�?� �T�h�e�y� �a�r�e� �c�o�m�p�o�s�e�d� �o�f� �5�0� �u�m� 

�d�i�a�m�e�t�e�r� �g�o�l�d�-�c�o�a�t�e�d� �t�u�n�g�s�t�e�n�.� �T�h�e� �2�2�9�9�4� �f�i�e�l�d� �s�h�a�p�i�n�g� �(�o�r� �c�a�t�h�o�d�e�)� �w�i�r�e�s� �a�r�e� �g�r�o�u�n�d�e�d�,� 

�a�n�d� �a�r�e� �c�o�m�p�o�s�e�d� �o�f� �1�6�0� �z�m� �d�i�a�m�e�t�e�r� �g�o�l�d�-�c�o�a�t�e�d� �a�l�u�m�i�n�u�m�.� 

�T�h�e� �a�x�i�a�l� �w�i�r�e�s� �r�u�n� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �z�-�a�x�i�s�,� �a�n�d� �p�r�o�v�i�d�e� �r�-�¢� �i�n�f�o�r�m�a�t�i�o�n� �w�i�t�h� �a� �s�p�a�t�i�a�l� �r�e�s�o�-� 

�l�u�t�i�o�n� �o�f� �1�2�5�m�.� �T�h�e� �s�t�e�r�e�o� �w�i�r�e�s� �a�r�e� �c�a�n�t�e�d� �a�t� �a�n�g�l�e�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �z�-�a�x�i�s�,� �r�a�n�g�i�n�g� 

�f�r�o�m� �4�.�1�°� �i�n� �t�h�e� �f�i�r�s�t� �s�t�e�r�e�o� �d�i�s�k� �t�o� �4�.�9�°� �i�n� �t�h�e� �f�i�f�t�h� �s�t�e�r�e�o� �d�i�s�k�.� �T�h�e�s�e� �s�t�e�r�e�o� �a�n�g�l�e�s� �p�r�o�v�i�d�e� 

�z� �i�n�f�o�r�m�a�t�i�o�n� �w�i�t�h� �a� �r�e�s�o�l�u�t�i�o�n� �r�a�n�g�i�n�g� �f�r�o�m� �2�.�1� �m�m� �i�n� �t�h�e� �f�i�r�s�t� �s�t�e�r�e�o� �d�i�s�k� �t�o� �1�.�8� �m�m� �i�n� 

�t�h�e� �f�i�f�t�h� �s�t�e�r�e�o� �d�i�s�k� �f�o�r� �w�e�l�l�-�s�e�p�a�r�a�t�e�d� �t�r�a�c�k�s�.� 

�2�.�2�.�5� �T�r�i�g�g�e�r� �S�c�i�n�t�i�l�l�a�t�i�o�n� �C�o�u�n�t�e�r�s� 

�T�h�e� �r�e�g�i�o�n� �b�e�t�w�e�e�n� �r� �=� �6�4� �c�m� �a�n�d� �r� �=� �7�9� �c�m� �w�a�s� �i�n�t�e�n�d�e�d� �f�o�r� �t�h�e� �X�-�R�a�y� �D�e�t�e�c�t�o�r�.� 

�B�e�c�a�u�s�e� �t�h�i�s� �d�e�t�e�c�t�o�r� �w�a�s� �n�o�t� �r�e�a�d�y� �f�o�r� �i�n�s�t�a�l�l�a�t�i�o�n� �i�n� �A�M�Y� �1�.�0�,� �t�w�e�l�v�e� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�e�r�s� 

�(�n�e�v�e�r� �g�r�a�c�e�d� �w�i�t�h� �a�n� �a�c�r�o�n�y�m�)� �w�e�r�e� �i�n�s�t�a�l�l�e�d� �i�n� �i�t�s� �s�t�e�a�d�.� �T�h�e�s�e� �w�e�r�e� �i�n�t�e�n�d�e�d� �t�o� �p�r�o�v�i�d�e� 

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

� � 

�*�F�o�r� �t�h�e� �2�6�.�7�3� �p�b �� �o�f� �d�a�t�a� �t�a�k�e�n� �i�n� �1�9�9�0�,� �t�h�e� �s�e�n�s�e� �w�i�r�e�s� �w�e�r�e� �h�e�l�d� �a�t� �a� �v�o�l�t�a�g�e� �o�f� �2�.�1� �k�V� �i�n� �a� �n�e�o�n�-�e�t�h�a�n�e� 
�a�t�m�o�s�p�h�e�r�e� �(�5�0�%� �N�e�,� �5�0�%� �C�2�H�e�)�.
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�2�.�2�.�6� �T�h�e� �B�a�r�r�e�l� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �(�S�H�C�)� 

�T�h�e� �B�a�r�r�e�l� �E�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �C�a�l�o�r�i�m�e�t�e�r� �[�3�1�]� �[�3�2�]�,� �o�r� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �(�S�H�C�)�,� �i�s� �t�h�e� �d�e�-� 

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

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

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

�S�H�C� �S�t�r�u�c�t�u�r�e� �a�n�d� �F�i�d�u�c�i�a�l� �R�a�n�g�e� 

�T�h�e� �S�H�C�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�4�,� �o�c�c�u�p�i�e�s� �a� �c�y�l�i�n�d�r�i�c�a�l� �v�o�l�u�m�e� �o�f� �2�2�0� �c�m� �i�n� �z� �f�r�o�m� �a� �r�a�d�i�u�s� 

�o�f� �7�9� �c�m� �t�o� �a� �r�a�d�i�u�s� �o�f� �1�1�0� �c�m�.� �I�t�s� �f�i�d�u�c�i�a�l� �v�o�l�u�m�e� �c�o�v�e�r�s� �a� �r�a�n�g�e� �o�f� �£�0�.�7�3� �i�n� �c�o�s�@� �f�o�r� 

�r�e�l�i�a�b�l�e� �c�a�l�o�r�i�m�e�t�r�y�,� �a�l�t�h�o�u�g�h� �i�t� �c�a�n� �t�a�g� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �s�h�o�w�e�r�s� �d�o�w�n� �t�o� �|� �c�o�s�@�|� �~� �0�.�8�.� 

�T�h�e� �S�H�C� �i�s� �c�o�m�p�o�s�e�d� �o�f� �1�9� �l�a�y�e�r�s� �o�f� �l�e�a�d� �s�a�n�d�w�i�c�h�e�d� �b�e�t�w�e�e�n� �2�0� �l�a�y�e�r�s� �o�f� �r�e�s�i�s�t�i�v�e� �p�l�a�s�t�i�c� 

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

�d�i�m�e�n�s�i�o�n�s� �o�f� �7� �m�m� �i�n� �r� �a�n�d� �1�0� �m�m� �i�n� �¢� �(�s�o�m�e� �t�u�b�e�s� �a�t� �s�e�x�t�a�n�t� �b�o�u�n�d�a�r�i�e�s� �h�a�v�e� �a� �¢� �w�i�d�t�h� 

�o�f� �7� �m�m�)�.� �A�t� �t�h�e� �c�e�n�t�e�r� �o�f� �e�a�c�h� �t�u�b�e� �i�s� �a�n� �a�n�o�d�e� �w�i�r�e� �o�f� �2�0� �w�m� �g�o�l�d�-�p�l�a�t�e�d� �t�u�n�g�s�t�e�n� �i�n� �a�n� 

�i�o�n�i�z�i�n�g� �a�t�m�o�s�p�h�e�r�e�.� �A�b�o�v�e� �e�a�c�h� �l�a�y�e�r� �o�f� �p�r�o�p�o�r�t�i�o�n�a�l� �t�u�b�e�s� �i�s� �a� �l�a�y�e�r� �o�f� �c�o�p�p�e�r�-�c�l�a�d� �G�-�1�0� 

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

�G�-�1�0� �w�i�t�h� �c�a�t�h�o�d�e� �p�a�d�s� �s�e�g�m�e�n�t�e�d� �i�n� �6�.� �T�h�e� �f�i�r�s�t� �1�5� �l�a�y�e�r�s� �o�f� �l�e�a�d� �a�r�e� �e�a�c�h� �3�.�5� �m�m� �t�h�i�c�k�;� 

�t�h�e� �l�a�s�t� �4� �l�a�y�e�r�s� �a�r�e� �e�a�c�h� �7�.�0� �m�m� �t�h�i�c�k�.� �T�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �S�H�C� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�-�5�.� 

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

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

�o�f� �t�h�i�c�k�n�e�s�s� �2�.�4� �a�n�d� �1�0� �m�m�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �s�i�d�e�s� �o�f� �e�a�c�h� �s�e�x�t�a�n�t� �a�r�e� �b�o�u�n�d�e�d� �b�y� �0�.�8� �m�m� 

�t�h�i�c�k� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l�.� �T�h�e� �e�n�d�p�l�a�t�e�s� �a�r�e� �c�o�m�p�o�s�e�d� �o�f� �1�3� �m�m� �t�h�i�c�k� �a�l�u�m�i�n�u�m�.� �T�h�e� �s�e�x�t�a�n�t�s� 

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

�w�h�i�c�h� �i�n� �t�u�r�n� �a�r�e� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �m�a�g�n�e�t�i�c� �y�o�k�e�.� �I�d�e�a�l�l�y�,� �t�h�e� �S�H�C� �r�e�m�a�i�n�s� �e�l�e�c�t�r�i�c�a�l�l�y� 

�i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �y�o�k�e�.
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�1�4�.�4� �X�,� �L�e�a�d� 
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�B�o�t�t�o�m� �P�l�a�t�e� 
�2�.�4� �m�m� �S�t�a�i�n�l�e�s�s� �S�t�e�e�l� 

� � 

�S�i�d�e� �P�l�a�t�e� 
�0�.�8� �m�m� �S�t�a�i�n�l�e�s�s� �S�t�e�e�l� 

�f�f� 

�/�_� �E�n�d� �P�l�a�t�e� 
�1�.�3� �c�m� �A�l�u�m�i�n�u�m� 

�F�i�g�u�r�e� �2�-�4�:� �T�h�e� �A�M�Y� �b�a�r�r�e�l� �s�h�o�w�e�r� �c�o�u�n�t�e�r�.
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�L�E�A�D� �i�,� �E� �m�m� 

�_�~� �C�A�T�H�O�D�E� �R�E�A�D�O�U�T� �L�I�N�E�S� �L� 
�G�i�o� �£� �1�7�0�.�8�6� �m�m� 

�\� �@� �P�A�D�S� �L� 
�W�N� �M�A�S�S� �W�A�A�R� �S�S�S� �N�A�Y� �W�A�N�A�A�A�N�A�N�}� �0�.�8� �m�m� 

�N� �1�0� �m�m�  �� �N�W� �N�N� �R�E�S�I�S�T�I�V�E� �N�A� �N�A�)� �A�N�O�D�E� �W�I�R�E� �A�N� 
�P�L�A�S�T�I�C� �N�N� �W�N� �.� �N�N� �-�|� �7�m�m� 

�T�U�B�E�S� �N� �N�S� �N�N� �N� �N�N� �N� 
�R�X� �S�S� �T�E�E� �E�T� �0�.�8� �m�m� 

�]� �7� �8� �P�A�D�S�\�_� �t� 
�G�1�0� �&� �}�_� �0�.�8�6� �m�m� 

�C�A�T�H�O�D�E� �R�E�A�D�O�U�T� �L�I�N�E�S� 
�Y�Y� 

�C�O�P�P�E�R�C�L�A�D�G�-�1�0�_�_�_� �¥� 
�W�I�T�H� �@� �P�A�D�S� 

�R�E�S�I�S�T�I�V�E� 
�P�L�A�S�T�I�C� 

�T�U�B�E�S� 

�C�O�P�P�E�R� �C�L�A�D� �G�-�1�0� �E�Z� 
�W�I�T�H� �8� �P�A�D�S� �Z� � � 

�F�i�g�u�r�e� �2�-�5�:� �L�o�n�g�i�t�u�d�i�n�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �A�M�Y� �S�H�C�.



�4�0� 

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

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

�i�s� �p�a�i�n�t�e�d� �o�n� �t�h�e� �i�n�s�i�d�e� �s�u�r�f�a�c�e� �w�i�t�h� �a� �°�°�F�e� �s�o�u�r�c�e� �o�f� �0�.�5�5� �w�C�i�.� �T�h�e�r�e� �a�r�e� �f�o�u�r� �s�u�c�h� �m�o�n�i�t�o�r� 

�t�u�b�e�s� �p�e�r� �s�e�x�t�a�n�t�,� �w�i�t�h� �t�w�o� �j�u�s�t� �i�n�s�i�d�e� �e�a�c�h� �e�n�d�p�l�a�t�e�.� �M�o�n�i�t�o�r� �t�u�b�e� �g�a�i�n� �d�a�t�a� �a�r�e� �r�e�a�d� 

�e�v�e�r�y� �1�5� �m�i�n�u�t�e�s� �d�u�r�i�n�g� �a� �r�u�n�,� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� �g�a�i�n� �f�o�r� �e�a�c�h� �t�u�b�e� �i�s� �r�e�c�o�r�d�e�d� �f�o�r� �e�a�c�h� �r�u�n�.� 

�S�H�C� �S�e�g�m�e�n�t�a�t�i�o�n� 

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

�8� �t�o�w�e�r�s� �i�n� �¢�,� �f�o�r� �a� �t�o�t�a�l� �o�f� �2�0� �x� �4�8� �=� �9�6�0� �a�n�o�d�e� �s�i�g�n�a�l�s�.� �E�a�c�h� �a�n�o�d�e� �g�a�n�g� �c�o�n�t�a�i�n�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �w�i�r�e�s�.� �T�h�e� �e�i�g�h�t� �a�n�o�d�e� �g�a�n�g�s� �i�n� �a�n� �a�n�o�d�e� �l�a�y�e�r� �a�r�e� �k�e�p�t� �a�t� �o�p�e�r�a�t�i�n�g� 

�v�o�l�t�a�g�e� �b�y� �o�n�e� �p�o�w�e�r� �s�u�p�p�l�y�.� 

�T�h�e� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �@� �c�a�t�h�o�d�e� �p�a�d�s� �i�s� �s�h�o�w�n� �a�t� �t�h�e� �t�o�p� �o�f� �F�i�g�u�r�e� �2�-�6�.� �T�h�e� �w�i�d�t�h�s� �o�f� 

�t�h�e� �@� �p�a�d�s� �v�a�r�y� �i�n� �z� �a�n�d� �r�,� �s�o� �t�h�a�t� �e�a�c�h� �p�a�d� �c�o�v�e�r�s� �a� �c�o�n�s�t�a�n�t� �a�n�g�u�l�a�r� �w�i�d�t�h� �i�n� �8� �a�s� �v�i�e�w�e�d� 

�f�r�o�m� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �p�o�i�n�t�,� �i�.�e�.� �t�h�e�y� �f�o�l�l�o�w� �a� �p�r�o�j�e�c�t�i�v�e� �g�e�o�m�e�t�r�y�.� �T�h�e� �6� �w�i�d�t�h� �o�f� �e�a�c�h� �p�a�d� 

�i�s� �0�.�7�7�1�2�°� �i�n� �t�h�e� �f�i�r�s�t� �8� �l�a�y�e�r�s�;� �t�h�e� �p�a�d�s� �i�n� �t�h�e� �l�a�s�t� �1�2� �l�a�y�e�r�s� �h�a�v�e� �t�w�i�c�e� �t�h�i�s� �w�i�d�t�h�.� �E�a�c�h� �0� 

�p�a�d� �c�o�v�e�r�s� �a� �¢� �r�a�n�g�e� �o�f� �3�0�°�.� 

�T�h�e� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �¢� �c�a�t�h�o�d�e� �p�a�d�s� �i�s� �s�h�o�w�n� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �F�i�g�u�r�e� �2�-�6�.� �E�a�c�h� �¢� �p�a�d� 

�c�o�v�e�r�s� �a�n� �a�n�g�u�l�a�r� �w�i�d�t�h� �o�f� �0�.�9�3�6�7�°� �i�n� �¢� �f�o�r� �t�h�e� �f�i�r�s�t� �8� �l�a�y�e�r�s�,� �t�w�i�c�e� �a�s� �m�u�c�h� �f�o�r� �t�h�e� �l�a�s�t� �1�2� 

�l�a�y�e�r�s�.� �T�h�e� �@� �r�a�n�g�e� �i�s� �c�o�v�e�r�e�d� �b�y� �f�o�u�r� �p�h�i� �p�a�d�s�,� �w�i�t�h� �b�r�e�a�k�s� �a�t� �6� �=� �6�8�.�4�2�°�,� �9�0�.�0�°�,� �a�n�d� 

�1�1�1�.�5�8�°�.� 

�E�a�c�h� �¢� �p�a�d�,� �a�l�o�n�g� �w�i�t�h� �a�n�y� �@� �p�a�d� �i�n�t�e�r�s�e�c�t�i�n�g� �i�t�,� �i�s� �c�o�n�t�a�i�n�e�d� �w�i�t�h�i�n� �a� �r�e�c�t�a�n�g�u�l�a�r� �a�r�e�a� 

�c�a�l�l�e�d� �a� �0�-�¢� �b�l�o�c�k� �(�a�l�s�o� �c�a�l�l�e�d� �a� �d�i�v�i�s�i�o�n�)�.� �T�h�e�r�e� �a�r�e� �8� �s�u�c�h� �b�l�o�c�k�s� �i�n� �e�a�c�h� �s�e�x�t�a�n�t� �(�2� �i�n� �@� 

�b�y� �4� �i�n� �6�)�.� �E�a�c�h� �¢� �(�@�)� �p�a�d� �i�n�t�e�r�s�e�c�t�s� �e�v�e�r�y� �6� �(�¢�)� �p�a�d� �i�n� �i�t�s� �b�l�o�c�k�,� �a�n�d� �n�o�n�e� �o�t�h�e�r�.� 

�S�H�C� �N�u�m�b�e�r�i�n�g� �S�c�h�e�m�e� 

�T�h�e� �n�u�m�b�e�r�i�n�g� �s�c�h�e�m�e� �f�o�r� �t�h�e� �v�a�r�i�o�u�s� �S�H�C� �s�e�g�m�e�n�t�s� �i�s� �a�s� �f�o�l�l�o�w�s�:
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� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
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�2�2�0� �c�m� � � 

�L� 
�0�.�9�3�7�5�0�4� 

� � 

� � 

�2�1�.�6�°� �2�1�.�6�°� 

�F�i�g�u�r�e� �2�-�6�:� �A�r�r�a�n�g�e�m�e�n�t� �o�f� �S�H�C� �@� �a�n�d� �¢� �p�a�d�s� �i�n� �l�a�y�e�r� �1� �o�f� �o�n�e� �s�e�x�t�a�n�t�.



�4�2� 

�e� �S�e�x�t�a�n�t�s� �a�r�e� �n�u�m�b�e�r�e�d� �f�r�o�m� �1� �t�o� �6�,� �s�t�a�r�t�i�n�g� �a�t� �@� �=� �9�0�°� �a�n�d� �g�o�i�n�g� �c�l�o�c�k�w�i�s�e�.� 

�e� �A�n�o�d�e� �t�o�w�e�r�s� �a�r�e� �n�u�m�b�e�r�e�d� �f�r�o�m� �1� �t�o� �4�8�,� �s�t�a�r�t�i�n�g� �a�t� �¢� �=� �9�0�°� �a�n�d� �g�o�i�n�g� �c�o�u�n�t�e�r�-� 

�c�l�o�c�k�w�i�s�e�,� �a�s� �v�i�e�w�e�d� �f�r�o�m� �t�h�e� �+�z� �d�i�r�e�c�t�i�o�n�.� 

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

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

�e� �D�i�v�i�s�i�o�n�s� �a�r�e� �n�u�m�b�e�r�e�d� �f�r�o�m� �1� �t�o� �1�2� �i�n� �¢�,� �a�n�d� �f�r�o�m� �1� �t�o� �4� �i�n� �@�,� �(�i�.�e�.� �e�a�c�h� �@� �o�r� �@� 

�d�i�v�i�s�i�o�n� �i�s� �o�n�e� �b�l�o�c�k� �w�i�d�e�)�.� 

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

�F�i�g�u�r�e� �2�-�7�.� 

�S�H�C� �P�e�r�f�o�r�m�a�n�c�e� 

�T�h�e� �e�n�e�r�g�y� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �S�H�C� �i�s� �e�m�p�i�r�i�c�a�l�l�y� �m�e�a�s�u�r�e�d� �t�o� �b�e� �0�/�E� �=� �2�3�%�/�V�E� �+� �6�%�,� 

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

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

�w�i�d�t�h�s� �o�f� �t�h�e� �E�'�/�P� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �a�c�o�l�l�i�n�e�a�r� �e�t�e �� �p�a�i�r�s�.� 

�T�h�e� �a�n�g�u�l�a�r� �r�e�s�o�l�u�t�i�o�n� �i�s� �g�i�v�e�n� �a�s� �o�g� �=� �0�.�3�°� �a�n�d� �o�g� �=� �0�.�1�°�.� �A�n�g�u�l�a�r� �r�e�s�o�l�u�t�i�o�n� �i�s� �w�o�r�s�e� 

�i�n� �6� �t�h�a�n� �i�n� �¢� �b�e�c�a�u�s�e� �t�h�e� �c�h�a�r�g�e�s� �a�r�o�u�n�d� �t�h�e� �a�n�o�d�e� �w�i�r�e�s� �a�r�e� �w�e�l�l�-�l�o�c�a�l�i�z�e�d� �i�n� �¢�,� �b�u�t� �n�o�t� 

�i�n� �0�.� 

�S�H�C� �O�p�e�r�a�t�i�n�g� �P�a�r�a�m�e�t�e�r�s� �a�n�d� �H�i�s�t�o�r�y� 

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

�b�u�i�l�t� �b�y� �O�S�U�.� �T�h�e�s�e� �w�i�r�e�s� �w�e�r�e� �h�e�l�d� �a�t� �2�1�5�0� �V�,� �u�n�t�i�l� �f�a�l�l�,� �1�9�8�9�,� �w�h�e�n� �t�h�e� �v�o�l�t�a�g�e�s� �w�e�r�e� 

�r�e�d�u�c�e�d� �t�o� �2�1�0�0� �V� �t�o� �r�e�d�u�c�e� �s�a�t�u�r�a�t�i�o�n�.� �F�r�o�m� �t�i�m�e� �t�o� �t�i�m�e� �a�n� �a�n�o�d�e� �w�i�r�e� �w�i�l�l� �b�r�e�a�k�,� �a�n�d
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�T�o�w�e�r� �1� 

�T�o�w�e�r� �2� 
�T�o�w�e�r� �3� 

�T�o�w�e�r� �4� 

�T�o�w�e�r� �5� 

�T�o�w�e�r� �6� 
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�|�g� 
�S�e�x�t�a�n�t� �2� 

�S�e�x�t�a�n�t� �5� � � 

�S�e�x�t�a�n�t� �4� 
� � 

�F�i�g�u�r�e� �2�-�7�:� �S�H�C� �n�u�m�b�e�r�i�n�g� �s�c�h�e�m�e� �a�n�d� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�.
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�m�a�k�e� �c�o�n�t�a�c�t� �w�i�t�h� �i�t�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�u�b�e�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �c�u�r�r�e�n�t� �d�r�a�i�n� �c�a�n�n�o�t� �b�e� �s�u�p�p�l�i�e�d� 

�b�y� �t�h�e� �O�S�U� �H�V� �u�n�i�t�.� �I�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� �a�n�o�d�e� �l�a�y�e�r� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �b�a�d� �w�i�r�e� �i�s� �r�e�m�o�v�e�d� �f�r�o�m� 

�t�h�a�t� �s�e�x�t�a�n�t ��s� �p�o�w�e�r� �s�u�p�p�l�y�.� �V�o�l�t�a�g�e� �i�s� �s�u�p�p�l�i�e�d� �t�o� �t�h�a�t� �l�a�y�e�r� �b�y� �a� �s�e�p�a�r�a�t�e� �H�V� �s�u�p�p�l�y�,� �a�t� 

�s�o�m�e� �l�o�w�e�r� �l�e�v�e�l�.� 

�T�h�e� �i�o�n�i�z�i�n�g� �g�a�s� �u�s�e�d� �i�n� �t�h�e� �S�H�C� �i�s� �p�r�i�m�a�r�i�l�y� �a�n� �a�r�g�o�n�-�e�t�h�a�n�e�-�a�l�c�o�h�o�l� �m�i�x�t�u�r�e� �(�4�9�.�2�5�%� �A�r�,� 

�4�9�.�2�5�%� �C�o�H�e�,� �1�.�5�%� �C�2�H�;�0�H�)�.� �H�R�S� �g�a�s� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �5�5� �G�e�V� �d�a�t�a� �s�e�t� �t�a�k�e�n� �i�n� �f�a�l�l�,� 

�1�9�8�7�,� �b�u�t� �t�h�i�s� �w�a�s� �f�o�u�n�d� �t�o� �c�a�u�s�e� �d�i�s�c�h�a�r�g�e�s�.� 

�I�n� �t�h�e� �s�u�m�m�e�r� �o�f� �1�9�8�8�,� �t�h�e� �S�H�C� �w�a�s� �a�c�c�i�d�e�n�t�a�l�l�y� �d�a�m�a�g�e�d� �b�y� �a�n� �i�n�a�p�p�r�o�p�r�i�a�t�e� �a�p�p�l�i�c�a�t�i�o�n� 

�o�f� �R�F� �p�o�w�e�r�.� �A�s� �a� �r�e�s�u�l�t�,� �~� �1�7�%� �o�f� �t�h�e� �w�i�r�e�s� �i�n� �s�e�x�t�a�n�t� �1� �a�n�d� �~� �2�0�%� �o�f� �t�h�e� �w�i�r�e�s� �i�n� 

�s�e�x�t�a�n�t� �6� �w�e�r�e� �d�e�s�t�r�o�y�e�d�.� �S�o�m�e� �o�f� �t�h�e� �o�t�h�e�r� �s�e�x�t�a�n�t�s� �w�e�r�e� �a�l�s�o� �d�a�m�a�g�e�d�.� �T�h�e� �r�e�s�u�l�t�i�n�g� 

�e�n�e�r�g�y� �r�e�s�o�l�u�t�i�o�n� �f�o�r� �s�e�x�t�a�n�t�s� �1� �a�n�d� �6� �w�a�s� �o�/�E� �=� �3�6�%�/�V�E� �+�1�7�%�.� �R�e�p�a�i�r�s� �c�o�u�l�d� �n�o�t� 

�b�e� �p�e�r�f�o�r�m�e�d� �u�n�t�i�l� �t�h�e� �s�u�m�m�e�r� �o�f� �1�9�8�9�.� �A�t� �t�h�i�s� �t�i�m�e� �s�e�x�t�a�n�t�s� �1� �a�n�d� �6� �w�e�r�e� �r�e�p�l�a�c�e�d�,� 

�a�n�d� �s�e�x�t�a�n�t�s� �3�,� �4�,� �a�n�d� �5� �w�e�r�e� �r�e�s�t�r�u�n�g�.� �A�f�t�e�r� �r�e�p�a�i�r�,� �t�h�e� �S�H�C� �w�a�s� �r�e�s�t�o�r�e�d� �t�o� �i�t�s� �o�r�i�g�i�n�a�l� 

�c�a�p�a�b�i�l�i�t�i�e�s�.� 

�S�H�C� �E�l�e�c�t�r�o�n�i�c�s� 

�D�u�r�i�n�g� �a�n� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �s�h�o�w�e�r�,� �e�l�e�c�t�r�o�n�s� �p�a�s�s�i�n�g� �t�h�r�o�u�g�h� �t�h�e� �a�n�o�d�e� �t�u�b�e�s� �i�o�n�i�z�e� �t�h�e� �S�H�C� 

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

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

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

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

�A� �c�i�r�c�u�i�t� �d�i�a�g�r�a�m� �f�o�r� �t�h�e� �a�n�o�d�e� �w�i�r�i�n�g� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�8�.� �T�h�e� �s�i�g�n�a�l� �v�o�l�t�a�g�e�s� �f�r�o�m� �t�h�e� 

�a�n�o�d�e� �g�a�n�g�s� �i�n� �t�h�e� �f�i�r�s�t� �(�i�.�e�.� �i�n�n�e�r�m�o�s�t�)� �1�6� �l�a�y�e�r�s� �a�r�e� �p�a�s�s�e�d� �d�i�r�e�c�t�l�y� �t�o� �S�U�M�/�B�U�F�F�E�R� �c�a�r�d�s� 

�b�y� �s�h�i�e�l�d�e�d� �t�w�i�s�t�e�d� �p�a�i�r� �c�a�b�l�e�s�;� �s�i�g�n�a�l�s� �f�r�o�m� �t�h�e� �l�a�s�t� �4� �a�n�o�d�e� �l�a�y�e�r�s� �a�r�e� �f�i�r�s�t� �p�r�e�a�m�p�l�i�f�i�e�d� 

�b�y� �a� �f�a�c�t�o�r� �o�f� �5�.�5�.� �T�h�e� �S�U�M�/�B�U�F�F�E�R� �c�a�r�d�s� �p�a�s�s� �t�h�e� �a�n�a�l�o�g� �s�i�g�n�a�l�s� �t�o� �b�o�t�h� �t�h�e� �t�r�i�g�g�e�r�i�n�g� 

�s�y�s�t�e�m� �a�n�d� �L�e�C�r�o�y� �1�8�8�5�N� �F�A�S�T�B�U�S� �A�D�C� �m�o�d�u�l�e�s�.� �C�a�t�h�o�d�e� �s�i�g�n�a�l�s� �a�r�e� �n�o�t� �u�s�e�d� �f�o�r



�4�5� 

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

�F�A�S�T�B�U�S� �A�D�C� �m�o�d�u�l�e�s�.� 

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

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

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

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

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

�c�a�n� �c�h�a�n�g�e� �w�i�t�h� �t�i�m�e�.� 

�A�f�t�e�r� �e�v�e�r�y� �f�e�w� �r�u�n�s�,� �a� �p�e�d�e�s�t�a�l� �r�u�n� �i�s� �t�a�k�e�n� �w�h�i�l�e� �T�R�I�S�T�A�N� �i�s� �i�n� �f�i�l�l� �m�o�d�e�.� �A�r�o�u�n�d� �1�0�0� 

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

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

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

�S�H�C� �T�r�i�g�g�e�r�s� 

�A� �c�o�m�p�l�e�t�e� �l�i�s�t� �o�f� �t�h�e� �A�M�Y� �1�.�0� �a�n�d� �A�M�Y� �1�.�5� �t�r�i�g�g�e�r�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.�1�6�;� �h�e�r�e� 

�w�e� �w�i�l�l� �c�o�n�s�i�d�e�r� �o�n�l�y� �t�h�e� �s�h�o�w�e�r� �c�o�u�n�t�e�r� �t�r�i�g�g�e�r�s�.� �T�h�e�r�e� �a�r�e� �t�w�o� �t�y�p�e�s� �o�f� �S�H�C� �t�r�i�g�g�e�r�s�:� 

�e�n�e�r�g�y� �t�r�i�g�g�e�r�s� �a�n�d� �m�i�n�u�m�u�m� �i�o�n�i�z�i�n�g� �t�r�i�g�g�e�r�s�.� �A�l�l� �S�H�C� �t�r�i�g�g�e�r�s� �f�i�r�e� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� 

�S�H�C� �a�n�o�d�e� �s�i�g�n�a�l�s�.� �T�h�e� �e�n�e�r�g�y� �t�r�i�g�g�e�r�s� �u�s�e� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �t�h�e� �f�i�r�s�t� �1�6� �a�n�o�d�e� �l�a�y�e�r�s�,� 

�w�h�e�r�e�a�s� �t�h�e� �m�i�n�i�m�u�m� �i�o�n�i�z�i�n�g� �t�r�i�g�g�e�r�s� �u�s�e� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �t�h�e� �l�a�s�t� �4� �a�n�o�d�e� �l�a�y�e�r�s�.� 

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

�a�r�e� �n�u�m�b�e�r�e�d� �8�,� �9�,� �a�n�d� �1�9�.� 

�T�r�i�g�g�e�r� �b�i�t� �8� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �t�o�t�a�l� �s�h�o�w�e�r� �e�n�e�r�g�y� �t�r�i�g�g�e�r�.� �T�h�e� �r�a�w� �s�i�g�n�a�l�s� �f�r�o�m� �t�h�e� �f�i�r�s�t� �1�6� 

�l�a�y�e�r�s� �o�f� �a�l�l� �4�8� �t�o�w�e�r�s� �a�r�e� �s�u�m�m�e�d� �t�o�g�e�t�h�e�r�,� �a�n�d� �c�o�m�p�a�r�e�d� �t�o� �s�o�m�e� �t�h�r�e�s�h�o�l�d� �v�o�l�t�a�g�e�.� �T�h�i�s� 

�t�h�r�e�s�h�o�l�d� �v�a�r�i�e�s�,� �b�u�t� �i�t� �t�y�p�i�c�a�l�l�y� �r�e�p�r�e�s�e�n�t�s� �a�r�o�u�n�d� �8� �G�e�V� �o�f� �e�n�e�r�g�y� �d�e�p�o�s�i�t�e�d� �i�n� �t�h�e� �S�H�C�.� 

�T�r�i�g�g�e�r� �b�i�t� �9� �w�a�s� �a�c�t�i�v�a�t�e�d� �i�n� �F�e�b�r�u�a�r�y�,� �1�9�9�2� �a�s� �a�n� �u�p�g�r�a�d�e� �o�f� �t�h�e� �A�M�Y� �1�.�5� �t�r�i�g�g�e�r�i�n�g� 

�s�y�s�t�e�m� �[�3�3�]�.� �I�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�i�n�g�l�e� �s�h�o�w�e�r� �c�l�u�s�t�e�r� �t�r�i�g�g�e�r�.� �F�i�r�s�t�,� �t�h�e� �a�n�o�d�e� �s�i�g�n�a�l�s� �o�f� �t�h�e
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�4�7� 

�f�i�r�s�t� �1�6� �l�a�y�e�r�s� �a�r�e� �s�u�m�m�e�d� �l�o�n�g�i�t�u�d�i�n�a�l�l�y� �i�n�t�o� �f�o�u�r� �g�a�n�g�s� �o�f� �f�o�u�r� �i�n� �e�a�c�h� �s�e�x�t�a�n�t�.� �E�a�c�h� 

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

�s�e�x�t�a�n�t�,� �a�n�d� �i�n� �n�e�i�g�h�b�o�r�i�n�g� �s�e�x�t�a�n�t�s�.� �I�f� �e�a�c�h� �o�f� �t�h�e� �s�u�m�m�e�d� �g�a�n�g�s� �i�n� �a� �p�a�i�r� �e�x�c�e�e�d� �3�0�%� �o�f� 

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

�t�h�r�e�s�h�o�l�d� �u�s�u�a�l�l�y� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �s�h�o�w�e�r� �o�f� �a�r�o�u�n�d� �5� �G�e�V�.� 

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

�f�i�r�s�t� �1�6� �l�a�y�e�r�s� �a�r�e� �s�u�m�m�e�d� �f�o�r� �e�a�c�h� �t�o�w�e�r�.� �E�a�c�h� �t�o�w�e�r� �s�i�g�n�a�l� �i�s� �c�o�m�p�a�r�e�d� �t�o� �t�w�o� �t�h�r�e�s�h�o�l�d� 

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

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

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

�t�h�r�e�s�h�o�l�d�.� �T�h�e� �h�i�g�h� �a�n�d� �l�o�w� �t�h�r�e�s�h�o�l�d�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �a�r�o�u�n�d� �5� �a�n�d� �3� �G�e�V�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�2�.�2�.�7� �T�h�e� �M�u�o�n� �D�e�t�e�c�t�o�r� �(�M�U�O�)� 

�T�h�e� �M�u�o�n� �D�e�t�e�c�t�o�r� �(�M�U�O�)� �l�i�e�s� �o�u�t�s�i�d�e� �o�f� �t�h�e� �m�a�g�n�e�t�i�c� �y�o�k�e�.� �I�t� �i�s� �c�o�m�p�o�s�e�d� �o�f� �t�w�o� �t�y�p�e�s� 

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

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

�p�r�o�v�i�d�i�n�g� �z� �i�n�f�o�r�m�a�t�i�o�n�,� �t�w�o� �l�a�y�e�r�s� �o�f� �d�r�i�f�t� �t�u�b�e�s� �p�r�o�v�i�d�i�n�g� �r�-�¢� �i�n�f�o�r�m�a�t�i�o�n�,� �a�n�d� �a� �l�a�y�e�r� �o�f� 

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

�2�.�2�.�8� �S�m�a�l�l� �A�n�g�l�e� �L�u�m�i�n�o�s�i�t�y� �M�o�n�i�t�o�r� �(�L�U�M�)� 

�T�h�e� �s�m�a�l�l� �a�n�g�l�e� �L�u�m�i�n�o�s�i�t�y� �M�o�n�i�t�o�r� �[�3�4�]� �(�L�U�M�)� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� 

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

�4�°� �<� �6� �<� �6�°� �a�t� �a� �d�i�s�t�a�n�c�e� �o�f� �1�.�7�3� �m� �f�r�o�m� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �p�o�i�n�t� �o�n� �e�i�t�h�e�r� �s�i�d�e�.� 

�E�a�c�h� �u�n�i�t� �o�f� �t�h�e� �L�U�M� �w�a�s� �c�o�m�p�o�s�e�d� �o�f� �f�o�u�r� �c�a�l�o�r�i�m�e�t�e�r� �q�u�a�d�r�a�n�t�s� �o�n� �e�a�c�h� �s�i�d�e�;� �e�a�c�h� �q�u�a�d�-� 

�r�a�n�t� �c�o�n�s�i�s�t�e�d� �o�f� �a� �b�a�r�i�u�m� �f�l�o�u�r�i�d�e� �(�B�a�F�2�)� �c�r�y�s�t�a�l�,� �r�e�a�d� �o�u�t� �b�y� �p�h�o�t�o�d�i�o�d�e�s�.� �I�n� �f�r�o�n�t� �o�f



�4�8� 

�e�a�c�h� �q�u�a�d�r�a�n�t� �w�a�s� �a� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�e�r� �(�k�n�o�w�n� �a�s� �a� �d�e�f�i�n�i�n�g� �c�o�u�n�t�e�r�)�.� �F�o�u�r�f�o�l�d�-�c�o�i�n�c�i�-� 

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

�n�e�c�e�s�s�a�r�y� �t�o� �t�r�i�g�g�e�r� �a�n� �e�v�e�n�t�.� 

�2�.�2�.�9� �P�o�l�e� �T�i�p� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �(�P�T�C�)� 

�T�h�e� �P�o�l�e� �T�i�p� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �[�3�5�]� �(�P�T�C�)� �w�a�s� �t�h�e� �p�r�i�m�a�r�y� �o�f�f�l�i�n�e� �l�u�m�i�n�o�s�i�t�y� �m�o�n�i�t�o�r� �f�o�r� 

�A�M�Y� �1�.�0�.� �E�a�c�h� �P�T�C�,� �m�o�u�n�t�e�d� �o�n� �o�n�e� �o�f� �t�h�e� �e�n�d�c�a�p�s�,� �c�o�m�p�r�i�s�e�d� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s�:� �a� 

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

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

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�9�.� 

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

�w�i�t�h� �l�a�y�e�r�s� �o�f� �l�e�a�d�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �t�h�i�c�k�n�e�s�s� �o�f� �5�.�7� �r�a�d�i�a�t�i�o�n� �l�e�n�g�t�h�s� �(�X�o�)�.� �I�t� �c�o�v�e�r�e�d� 

�t�h�e� �a�n�g�u�l�a�r� �r�a�n�g�e� �o�f� �1�4�.�6�°� �<� �@� �<� �2�4�°�.� 

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

�e�i�g�h�t� �l�a�y�e�r�s� �o�f� �s�c�i�n�t�i�l�l�a�t�o�r� �a�n�d� �l�e�a�d�.� �I�t� �c�o�v�e�r�e�d� �t�h�e� �a�n�g�u�l�a�r� �r�a�n�g�e� �o�f� �1�4�.�6�°� �<� �@� �<� �2�6�.�6�°�.� 

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

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

�v�e�r�t�i�c�a�l�l�y�.� �I�n� �f�r�o�n�t� �o�f� �t�h�e� �t�u�b�e�s� �w�a�s� �a� �l�a�y�e�r� �o�f� �G�-�1�0� �p�l�a�s�t�i�c� �e�t�c�h�e�d� �w�i�t�h� �3�0� �c�o�n�c�e�n�t�r�i�c� �6� 

�c�a�t�h�o�d�e� �s�t�r�i�p�s� �o�f� �w�i�d�t�h� �7�.�5� �m�m�.� �B�e�h�i�n�d� �t�h�e� �t�u�b�e�s� �w�a�s� �a�n�o�t�h�e�r� �l�a�y�e�r� �o�f� �G�-�1�0� �p�l�a�s�t�i�c�,� �e�t�c�h�e�d� 

�r�a�d�i�a�l�l�y� �w�i�t�h� �¢� �c�a�t�h�o�d�e� �s�t�r�i�p�s� �o�f� �3�°� �w�i�d�t�h�.� �T�h�e� �f�i�d�u�c�i�a�l� �r�a�n�g�e� �o�f� �t�h�e� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�u�n�t�e�r� 

�w�a�s� �1�4�.�6�°� �<� �6� �<� �2�6�.�6�°�.� �T�h�e� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �¢� �a�n�d� �@� �s�t�r�i�p�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�1�0�.� 

�2�.�2�.�1�0� �R�i�n�g� �V�e�t�o� �C�o�u�n�t�e�r� �(�R�V�C�)� 

�T�h�e� �R�i�n�g� �V�e�t�o� �C�o�u�n�t�e�r� �(�R�V�C�)� �w�a�s� �a� �t�a�g�g�i�n�g� �c�o�u�n�t�e�r� �m�a�d�e� �o�f� �t�w�o� �l�a�y�e�r�s� �e�a�c�h� �o�f� �l�e�a�d� �a�n�d� 

�s�c�i�n�t�i�l�l�a�t�o�r�,� �m�o�u�n�t�e�d� �o�n� �t�h�e� �e�n�d�c�a�p�s� �o�f� �A�M�Y� �1�.�0�.� �T�h�e� �t�o�t�a�l� �t�h�i�c�k�n�e�s�s� �a�m�o�u�n�t�e�d� �t�o� �3�.�6
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�5�1� 

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

�p�h�o�t�o�n�s�,� �e�l�e�c�t�r�o�n�s�,� �a�n�d� �h�a�d�r�o�n�s� �i�n� �t�h�e� �p�o�l�a�r� �r�e�g�i�o�n� �2�6�°� �<� �@� �<� �3�9�°�.� 

�T�h�e� �R�V�C� �o�n� �e�a�c�h� �e�n�d�c�a�p� �w�a�s� �d�i�v�i�d�e�d� �i�n�t�o� �7�  ��a�z�i�m�u�t�h�a�l �� �d�e�t�e�c�t�o�r� �e�l�e�m�e�n�t�s�,� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�-�1�1�.� �T�h�e� �¢�@� �r�a�n�g�e� �c�o�v�e�r�e�d� �b�y� �e�a�c�h� �d�e�t�e�c�t�o�r� �e�l�e�m�e�n�t� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� 

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

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

�2�.�2�.�1�1� �T�h�e� �X�-�R�a�y� �D�e�t�e�c�t�o�r� �(�X�R�D�)� 

�T�h�e� �X�-�R�a�y� �D�e�t�e�c�t�o�r� �[�3�6�]� �(�X�R�D�)� �i�s� �a� �o�n�e�-�l�a�y�e�r� �d�r�i�f�t� �c�h�a�m�b�e�r� �d�e�s�i�g�n�e�d� �f�o�r� �e�l�e�c�t�r�o�n� �i�d�e�n�t�i�-� 

�f�i�c�a�t�i�o�n�.� �I�t� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �d�e�s�i�g�n�e�d� �f�o�r� �A�M�Y� �1�.�0�,� �b�u�t� �w�a�s� �n�o�t� �r�e�a�d�y� �f�o�r� �i�n�s�t�a�l�l�a�t�i�o�n� �u�n�t�i�l� 

�A�M�Y� �1�.�5�.� �I�t� �o�c�c�u�p�i�e�s� �t�h�e� �r�e�g�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �C�D�C� �a�n�d� �t�h�e� �S�H�C�.� 

�E�a�c�h� �o�f� �t�h�e� �t�h�r�e�e� �c�h�a�m�b�e�r� �m�o�d�u�l�e�s� �h�a�s� �a� �f�i�d�u�c�i�a�l� �r�a�n�g�e� �o�f� �6�7� �t�o� �7�9� �c�m� �i�n� �r�,� �1�2�0�°� �i�n� �¢�,� �a�n�d� 

�f�r�o�m�  ��1�0�0� �t�o� �+�1�0�0� �c�m� �i�n� �z�.� �T�h�e� �c�h�a�m�b�e�r�s� �a�r�e� �s�t�r�u�n�g� �w�i�t�h� �a�l�t�e�r�n�a�t�i�n�g� �s�e�n�s�e� �a�n�d� �f�i�e�l�d� �w�i�r�e�s� 

�w�h�i�c�h� �r�u�n� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �z�-�a�x�i�s� �a�t� �a� �r�a�d�i�u�s� �o�f� �7�3� �c�m�.� �T�h�e� �s�e�n�s�e� �a�n�d� �f�i�e�l�d� �w�i�r�e�s� �a�r�e� �h�e�l�d� 

�a�t� �6� �k�V� �a�n�d� �4�.�5� �k�V�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� �a� �X�e�n�o�n�-�P�r�o�p�a�n�e� �a�t�m�o�s�p�h�e�r�e� �(�9�5�%� �X�e� �5�%� �C�3�H�g�)�.� �T�h�e� 

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

�T�h�e� �X�R�D� �w�a�s� �d�e�s�i�g�n�e�d� �t�o� �d�e�t�e�c�t� �t�h�e� �s�y�n�c�h�r�o�t�r�o�n� �r�a�d�i�a�t�i�o�n� �e�m�i�t�t�e�d� �b�y� �i�n�c�i�d�e�n�t� �e�l�e�c�t�r�o�n�s� 

�i�n� �t�h�e� �3� �T�e�s�l�a� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� �I�t� �w�a�s� �i�n�s�t�a�l�l�e�d� �i�n� �1�9�8�9�,� �a�n�d� �t�o�o�k� �d�a�t�a� �d�u�r�i�n�g� �1�9�9�0�.� �D�u�r�i�n�g� 

�t�h�i�s� �p�e�r�i�o�d� �t�h�e� �C�D�C� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �N�e�o�n� �g�a�s� �t�o� �p�r�o�v�i�d�e� �X�-�r�a�y� �t�r�a�n�s�p�a�r�e�n�c�y�.� 

�2�.�2�.�1�2� �E�n�d�c�a�p� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �(�E�S�C�)� 

�T�h�e� �E�n�d�c�a�p� �S�h�o�w�e�r� �C�o�u�n�t�e�r� �[�3�7�]� �(�E�S�C�)� �i�s� �t�h�e� �p�r�i�m�a�r�y� �o�f�f�l�i�n�e� �l�u�m�i�n�o�s�i�t�y� �m�o�n�i�t�o�r� �f�o�r� �A�M�Y� 

�1�.�5�.� �E�a�c�h� �E�S�C�,� �m�o�u�n�t�e�d� �o�n� �a�n� �e�n�d�c�a�p�,� �e�x�t�e�n�d�s� �f�r�o�m� �a� �c�y�l�i�n�d�r�i�c�a�l� �r�a�d�i�u�s� �o�f� �2�6� �c�m� �t�o� �a



�5�2� 

� � 

�F�i�g�u�r�e� �2�-�1�1�:� �T�h�e� �R�i�n�g� �V�e�t�o� �C�o�u�n�t�e�r�.



�5�3� 

�r�a�d�i�u�s� �o�f� �1�1�1� �c�m�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �p�o�l�a�r� �r�a�n�g�e� �o�f� �9�.�4�°� �<� �@� �<� �3�6�.�5�°�;� �i�t� �a�l�s�o� �e�x�t�e�n�d�s� �f�r�o�m� 

�1�3�7� �c�m� �t�o� �1�5�7� �c�m� �i�n� �z�.� 

�L�i�k�e� �t�h�e� �P�T�C�,� �t�h�e� �E�S�C� �c�o�m�p�r�i�s�e�s� �t�h�r�e�e� �l�a�y�e�r�s�:� �a� �f�o�r�w�a�r�d� �l�e�a�d�/�s�c�i�n�t�i�l�l�a�t�o�r� �c�a�l�o�r�i�m�e�t�e�r�,� �a� 

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

�c�o�v�e�r� �t�h�e� �s�a�m�e� �c�y�l�i�n�d�r�i�c�a�l� �r�a�d�i�u�s�.� �T�o�g�e�t�h�e�r� �t�h�e�y� �h�a�v�e� �a� �z�-�t�h�i�c�k�n�e�s�s� �o�f� �2�0� �c�m� �a�n�d� �c�o�n�t�a�i�n� 

�1�5� �r�a�d�i�a�t�i�o�n� �l�e�n�g�t�h�s� �o�f� �l�e�a�d�.� 

�T�h�e� �s�c�i�n�t�i�l�l�a�t�i�n�g� �p�l�a�t�e�s� �i�n� �b�o�t�h� �t�h�e� �f�o�r�w�a�r�d� �a�n�d� �r�e�a�r� �c�a�l�o�r�i�m�e�t�e�r�s� �a�r�e� �d�i�v�i�d�e�d� �i�n�t�o� �2�4� �s�e�c�-� 

�t�i�o�n�s�,� �e�a�c�h� �o�f� �w�h�i�c�h� �s�u�b�t�e�n�d�s� �1�5�°� �i�n� �¢�.� �T�i�m�i�n�g� �a�n�d� �A�D�C� �d�a�t�a� �a�r�e� �r�e�a�d� �o�u�t� �f�o�r� �e�a�c�h� �o�f� �t�h�e� 

�9�6� �s�c�i�n�t�i�l�l�a�t�o�r� �c�h�a�n�n�e�l�s�.� 

�T�h�e� �c�a�t�h�o�d�e� �p�a�d� �a�r�r�a�n�g�e�m�e�n�t�s� �f�o�r� �t�h�e� �E�S�C� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�u�n�t�e�r� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�-�1�2�.� 

�A�s� �i�n� �t�h�e� �P�T�C�,� �e�a�c�h� �E�S�C� �h�a�s� �o�n�e� �l�a�y�e�r� �o�f� �¢� �c�a�t�h�o�d�e� �p�a�d�s� �a�n�d� �o�n�e� �l�a�y�e�r� �o�f� �6� �c�a�t�h�o�d�e� �p�a�d�s�.� 

�U�n�l�i�k�e� �t�h�e� �P�T�C�,� �e�a�c�h� �E�S�C� �h�a�s� �t�w�o� �p�r�o�p�o�r�t�i�o�n�a�l� �t�u�b�e� �l�a�y�e�r�s�,� �o�n�e� �f�o�r� �e�a�c�h� �p�a�d� �l�a�y�e�r�.� 

�E�a�c�h� �E�S�C� �h�a�s� �1�9�2� �6�-�p�a�d�s� �a�n�d� �1�9�2� �¢�-�p�a�d�s�,� �w�i�t�h� �p�a�d� �c�o�v�e�r�a�g�e� �e�x�t�e�n�d�i�n�g� �f�r�o�m� �a� �c�y�l�i�n�d�r�i�c�a�l� 

�r�a�d�i�u�s� �o�f� �2�8�.�7� �c�m� �t�o� �1�0�7� �c�m�.� �E�a�c�h� �6�-�p�a�d� �c�o�v�e�r�s� �a� �p�o�l�a�r� �a�n�g�l�e� �o�f� �0�.�7�9�°� �a�n�d� �a�n� �a�z�i�m�u�t�h�a�l� 

�a�n�g�l�e� �o�f� �6�0�°�.� �E�a�c�h� �¢�-�p�a�d� �c�o�v�e�r�s� �a�n� �a�z�i�m�u�t�h�a�l� �a�n�g�l�e� �o�f� �1�.�8�8�°�.� 

�T�h�e� �e�n�e�r�g�y� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �E�S�C� �i�s� �o�g�/�E� �=� �1�5�%�/�/�E�+�6�%�,� �w�h�e�r�e� �E� �i�s� �m�e�a�s�u�r�e�d� �i�n� �G�e�V�.� 

�T�h�e� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�u�n�t�e�r� �h�a�s� �a� �@� �r�e�s�o�l�u�t�i�o�n� �o�f� �0�.�1�4�°� �a�n�d� �a� �¢� �r�e�s�o�l�u�t�i�o�n� �o�f� �0�.�4�6�°�.� 

�2�.�2�.�1�3� �S�m�a�l�l� �A�n�g�l�e� �C�o�u�n�t�e�r� �(�S�A�C�)� 

�T�h�e� �S�m�a�l�l� �A�n�g�l�e� �C�o�u�n�t�e�r� �(�S�A�C�)� �i�s� �a� �l�e�a�d�/�s�c�i�n�t�i�l�l�a�t�o�r� �c�a�l�o�r�i�m�e�t�e�r� �t�h�a�t� �c�o�v�e�r�s� �a� �p�o�l�a�r� �r�a�n�g�e� 

�o�f� �3�.�0�°� �<� �8� �<� �1�0�.�0�°�,� �a�t� �a� �d�i�s�t�a�n�c�e� �o�f� �1�.�3�2� �m� �f�r�o�m� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �p�o�i�n�t� �o�n� �e�i�t�h�e�r� �s�i�d�e�.� �I�t� 

�r�e�p�l�a�c�e�s� �t�h�e� �L�U�M� �o�f� �A�M�Y� �1�.�0�.� 

�E�a�c�h� �S�A�C� �c�a�l�o�r�i�m�e�t�e�r� �i�s� �d�i�v�i�d�e�d� �i�n�t�o� �2�4� �s�e�c�t�o�r�s� �i�n� �¢�.� �E�a�c�h� �s�e�c�t�o�r� �i�s� �c�o�m�p�o�s�e�d� �o�f� �2�2� 

�a�l�t�e�r�n�a�t�i�n�g� �l�a�y�e�r�s� �o�f� �l�e�a�d� �a�n�d� �s�c�i�n�t�i�l�l�a�t�o�r� �(�1�7�.�2� �r�a�d�i�a�t�i�o�n� �l�e�n�g�t�h�s�)�,� �r�e�a�d� �o�u�t� �b�y� �p�h�o�t�o�d�i�o�d�e�s�.



�5�4� 
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�F�i�g�u�r�e� �2�-�1�2�:� �¢�-�p�a�d� �(�l�e�f�t�)� �a�n�d� �6�-�p�a�d� �(�r�i�g�h�t�)� �a�r�r�a�n�g�e�m�e�n�t� �f�o�r� �t�h�e� �E�S�C�.



�5�5� 

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

�p�r�o�v�i�d�e� �6� �i�n�f�o�r�m�a�t�i�o�n� �i�n� �t�h�e� �r�e�g�i�o�n� �3�.�6�°� �<� �@� �<� �9�.�4�°�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�r�e� �a�r�e� �d�e�f�i�n�i�n�g� �c�o�u�n�t�e�r�s� 

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

�m�e�a�s�u�r�e�m�e�n�t�.� 

�2�.�2�.�1�4� �F�o�r�w�a�r�d� �T�r�a�c�k�i�n�g� �C�h�a�m�b�e�r� �(�F�T�C�)� 

�T�h�e� �F�o�r�w�a�r�d� �T�r�a�c�k�i�n�g� �C�h�a�m�b�e�r� �(�F�T�C�)�,� �m�o�u�n�t�e�d� �o�n� �t�h�e� �E�S�C� �o�f� �e�a�c�h� �e�n�d�c�a�p�,� �i�s� �d�e�s�i�g�n�e�d� 

�t�o� �p�r�o�v�i�d�e� �c�h�a�r�g�e�d� �p�a�r�t�i�c�l�e� �t�r�a�c�k�i�n�g� �i�n� �t�h�e� �r�a�n�g�e� �1�2�°� �<� �6� �<� �2�7�°�.� �E�a�c�h� �F�T�C� �c�o�m�p�r�i�s�e�s� �f�i�v�e� 

�i�n�d�e�p�e�n�d�e�n�t� �c�h�a�m�b�e�r�s�,� �e�a�c�h� �c�o�n�t�a�i�n�i�n�g� �t�h�r�e�e� �l�a�y�e�r�s� �o�f� �~� �6�0� �s�e�n�s�e� �w�i�r�e�s�.� �T�h�e� �f�i�f�t�e�e�n� �l�a�y�e�r�s� 

�o�f� �w�i�r�e�s� �a�r�e� �v�a�r�i�o�u�s�l�y� �o�r�i�e�n�t�e�d� �a�t� �¢� �=� �3�0�°�,� �9�0�°�,� �a�n�d� �1�5�0�°�.� 

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

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

�p�a�i�n�t�.� �T�h�e� �w�i�r�e�s� �o�f� �a� �g�i�v�e�n� �l�a�y�e�r� �a�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �f�i�e�l�d� �s�h�a�p�i�n�g� �s�t�r�i�p�s� �o�f� �c�o�p�p�e�r�-�c�l�a�d� �G�-�1�0�.� 

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

�2�.�2�.�1�5� �V�e�r�t�e�x� �D�e�t�e�c�t�o�r� �(�V�T�X�)� 

�T�h�e� �V�e�r�t�e�x� �d�e�t�e�c�t�o�r� �(�V�T�X�)� �i�s� �a� �s�t�r�a�w� �c�h�a�m�b�e�r� �m�o�u�n�t�e�d� �w�i�t�h�i�n� �t�h�e� �I�T�C� �o�n� �t�h�e� �b�e�a�m� �p�i�p�e� 

�o�f� �A�M�Y� �1�.�5�.� �I�t� �p�r�o�v�i�d�e�s� �c�h�a�r�g�e�d� �p�a�r�t�i�c�l�e� �t�r�a�c�k�i�n�g� �f�r�o�m� �a� �c�y�l�i�n�d�r�i�c�a�l� �r�a�d�i�u�s� �o�f� �5�.�3� �c�m� �t�o� 

�7�.�7� �c�m�,� �w�i�t�h� �a� �p�o�l�a�r� �f�i�d�u�c�i�a�l� �v�o�l�u�m�e� �o�f� �1�3�°� �<� �@� �<� �1�6�7�°�.� �L�i�k�e� �t�h�e� �I�T�C�,� �i�t� �c�o�n�s�i�s�t�s� �o�f� �f�o�u�r� 

�s�t�a�g�g�e�r�e�d� �l�a�y�e�r�s� �o�f� �s�t�r�a�w�s�.� 

�E�a�c�h� �l�a�y�e�r� �c�o�n�t�a�i�n�s� �8�0� �a�l�u�m�i�n�i�z�e�d� �m�y�l�a�r� �s�t�r�a�w�s� �o�f� �l�e�n�g�t�h� �5�6� �c�m�.� �T�h�e� �s�t�r�a�w�s� �r�a�n�g�e� �i�n� 

�d�i�a�m�e�t�e�r� �f�r�o�m� �4�.�5� �m�m� �i�n� �t�h�e� �i�n�n�e�r�m�o�s�t� �l�a�y�e�r� �t�o� �5�.�6� �m�m� �i�n� �t�h�e� �o�u�t�e�r�m�o�s�t� �l�a�y�e�r�.� �T�h�e�y� 

�a�r�e� �p�r�e�s�s�u�r�i�z�e�d� �a�t� �2� �a�t�m� �w�i�t�h� �H�R�S� �g�a�s�,� �a�n�d� �a�r�e� �s�t�r�u�n�g� �w�i�t�h� �1�5� �w�m� �S�t�a�b�l�o�h�m� �r�e�s�i�s�t�i�v�e� 

�a�n�o�d�e� �w�i�r�e�.� �T�h�e� �2�.�7� �k�{�)� �r�e�s�i�s�t�a�n�c�e� �o�f� �t�h�e� �w�i�r�e�s� �g�i�v�e�s� �t�h�e� �V�T�X� �t�h�e� �a�b�i�l�i�t�y� �t�o� �m�e�a�s�u�r�e� �t�h�e� 

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

�T�h�e� �z�-�r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �V�T�X� �i�s� �a�b�o�u�t� �6� �m�m�.



�5�6� 

�2�.�2�.�1�6� �T�r�i�g�g�e�r�i�n�g� 

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

�2�0�0�,�0�0�0� �t�i�m�e�s� �e�v�e�r�y� �s�e�c�o�n�d�.� �S�e�v�e�r�a�l� �t�i�m�e�s� �e�a�c�h� �s�e�c�o�n�d�,� �a�n� �e�l�e�c�t�r�o�n� �a�n�d� �a� �p�o�s�i�t�r�o�n� �w�i�l�l� 

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

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

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

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

�f�r�o�m� �A�M�Y ��s� �t�e�n�s� �o�f� �t�h�o�u�s�a�n�d�s� �o�f� �c�h�a�n�n�e�l�s�.� �B�e�c�a�u�s�e� �a� �f�i�n�i�t�e� �a�m�o�u�t� �o�f� �t�i�m�e� �i�s� �r�e�q�u�i�r�e�d� �t�o� 

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

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

�t�i�m�e ��.� �I�t� �i�s� �t�h�e�r�e�f�o�r�e� �e�s�s�e�n�t�i�a�l� �t�o� �i�m�p�r�o�v�e� �t�h�e� �m�i�n�u�t�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�.� �T�h�i�s� �r�e�q�u�i�r�e�s� 

�s�o�m�e� �s�o�p�h�i�s�t�i�c�a�t�i�o�n�.� 

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

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

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

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

�A�M�Y� �1�.�0� �T�r�i�g�g�e�r�i�n�g� 

�T�h�e� �e�v�e�n�t� �t�r�i�g�g�e�r�s� �f�o�r� �A�M�Y� �1�.�0� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�-�1�.� �T�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �t�r�i�g�g�e�r�s� �a�r�e� �t�h�e� 

�t�h�o�s�e� �f�o�r� �t�h�e� �S�H�C� �(�d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.�6�)� �a�n�d� �t�h�o�s�e� �f�o�r� �t�h�e� �I�T�C� �a�n�d� �C�D�C�.� �A�s� �n�o�t�e�d� 

�e�a�r�l�i�e�r�,� �t�h�e� �S�H�C� �t�r�i�g�g�e�r�s� �u�s�e� �a�n�a�l�o�g� �s�i�g�n�a�l�s� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a� �d�i�s�c�r�i�m�i�n�a�t�o�r�.� �T�h�e� �C�D�C� �a�n�d� 

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

�A�M�Y� �1�.�0� �t�r�i�g�g�e�r�i�n�g� �s�y�s�t�e�m� �h�a�d� �a� �p�r�o�c�e�s�s�i�n�g� �t�i�m�e� �o�f� �a�b�o�u�t� �1�.�2� �w�s� �p�e�r� �e�v�e�n�t�,� �a�n�d� �c�o�u�l�d� 

�o�p�e�r�a�t�e� �a�t� �a�r�o�u�n�d� �2� �H�z� �w�i�t�h� �l�e�s�s� �t�h�a�n� �1�%� �d�e�a�d� �t�i�m�e�.



�5�7� 

�T�a�b�l�e� �2�-�1�:� �E�v�e�n�t� �t�r�i�g�g�e�r�s� �f�o�r� �A�M�Y� �1�.�0�.� 
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�2�1� 

�2�2� 

�2�3� 

�2�4� 

�2�6� 

�2�7� 

�2�8� 

�3�0� 

�3�1� � � 

�P�T�C� �t�r�i�g�g�e�r� 

�S�H�C� �t�o�t�a�l� �e�n�e�r�g�y� 

�C�o�s�m�i�c� �r�a�y� 

�R�V�C� �+� �P�T�C� �r�e�a�r� �i�n�c�l�u�s�i�v�e� 

�I�T�C� �2� �t�r�a�c�k� �+� �C�D�C� �+� �S�H�C� �m�i�n� �I� 

�I�T�C� �2� �t�r�a�c�k� �b�a�c�k�-�t�o�-�b�a�c�k� �+� �C�D�C� 

�I�T�C� �2� �t�r�a�c�k� �+� �C�D�C� �+� �S�H�C� �l�o�w� �m�a�j�o�r�i�t�y� �1� 

�I�T�C� �m�u�l�t�i�-�t�r�a�c�k� 

�C�D�C� �m�u�l�t�i�-�t�r�a�c�k� 

�C�D�C� �l�o�o�s�e�r� �m�u�l�t�i�-�t�r�a�c�k� �+� �S�H�C� �m�i�n� �I� 

�(�S�H�C� �h�i�g�h� �m�a�j�o�r�i�t�y� �1� �+� �S�H�C� �l�o�w� �m�a�j�o�r�i�t�y� �2�)� 

�o�r� �(�S�H�C� �l�o�w� �m�a�j�o�r�i�t�y� �3�)� 

�(�S�H�C� �l�o�w� �m�a�j�o�r�i�t�y� �2� �o�r� �S�H�C� �h�i�g�h� �m�a�j�o�r�i�t�y� �1�)� 

�+� �C�D�C� �+� �n�o�t� �(�T�r�i�g�g�e�r� �1�9�)� 

�I�T�C� �+� �C�D�C� �2� �t�r�a�c�k� 

�C�D�C� �3� �o�r� �4� �t�r�a�c�k� 

�I�T�C� �2� �t�r�a�c�k� �+� �M�U�O� 

�I�T�C� �2� �t�r�a�c�k� �+� �C�D�C� �+� �S�H�C� �m�i�n� �I� 

�'� �C�D�C� �+� �R�V�C� �d�i�m�u�o�n� 

�I�T�C� �+� �R�V�C� �d�i�m�u�o�n� 

�I�T�C� �2� �t�r�a�c�k� �+� �C�D�C� �+� �R�V�C� 

�C�D�C� �p�e�r�f�e�c�t� �2� �t�r�a�c�k� 

�C�D�C� �p�e�r�f�e�c�t� �1� �t�r�a�c�k�,� �b�a�c�h�e�l�o�r� �V� 
� � 

� � � 



�5�8� 

�A�M�Y� �1�.�5� �T�r�i�g�g�e�r�i�n�g� 

�T�h�e� �e�v�e�n�t� �t�r�i�g�g�e�r�s� �f�o�r� �A�M�Y� �1�.�5� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�-�2�.� �S�e�v�e�r�a�l� �t�r�i�g�g�e�r�s� �w�e�r�e� �a�d�d�e�d� �a�n�d� 

�s�e�v�e�r�a�l� �w�e�r�e� �m�o�d�i�f�i�e�d� �f�r�o�m� �A�M�Y� �1�.�0�;� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �a�d�d�i�t�i�o�n� �f�o�r� �t�h�i�s� �t�h�e�s�i�s� �w�a�s� �t�r�i�g�g�e�r� 

�b�i�t� �9�.� �T�h�e� �l�o�g�i�c� �o�f� �t�h�e� �C�D�C� �t�r�i�g�g�e�r�i�n�g� �w�a�s� �u�p�g�r�a�d�e�d� �t�o� �m�a�k�e� �u�s�e� �o�f� �a�z�i�m�u�t�h�a�l� �i�n�f�o�r�m�a�t�i�o�n� 

�t�o� �f�i�n�d� �r�a�d�i�a�l� �t�r�a�c�k�s�.� 

�2�.�2�.�1�7� �D�a�t�a� �A�c�q�u�i�s�i�t�i�o�n� �a�n�d� �S�t�o�r�a�g�e� 

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

�f�e�r�r�e�d� �t�o� �a� �V�A�X� �1�1�-�7�8�0�,� �k�n�o�w�n� �a�s� �A�M�Y�V�A�X�.�4� �F�A�S�T�B�U�S� �d�a�t�a� �a�r�e� �t�r�a�n�s�f�e�r�r�e�d� �b�y� �a� �F�A�S�T�-� 

�B�U�S� �P�r�o�c�e�s�s�o�r� �I�n�t�e�r�f�a�c�e� �(�F�P�I�)� �m�o�d�u�l�e�,� �a�n�d� �C�A�M�A�C� �d�a�t�a� �a�r�e� �h�a�n�d�l�e�d� �b�y� �a� �J�O�R�W�A�Y� 

�m�o�d�u�l�e�.� �O�n�c�e� �t�h�e� �d�a�t�a� �f�r�o�m� �o�n�e� �e�v�e�n�t� �h�a�v�e� �b�e�e�n� �c�o�l�l�a�t�e�d�,� �t�h�e�y� �a�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �F�A�-� 

�C�O�M� �M�-�7�8�0� �m�a�i�n�f�r�a�m�e� �v�i�a� �a� �V�M�E�b�u�s� �l�i�n�k� �(�p�r�i�o�r� �t�o� �1�9�9�1�,� �t�h�e� �d�a�t�a� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �u�s�i�n�g� 

�a�n� �I�B�M� �D�A�C�U� �l�i�n�k�)�.� �T�h�e� �F�A�C�O�M� �t�h�e�n� �s�t�o�r�e�s� �t�h�e� �t�r�a�n�s�f�e�r�r�e�d� �d�a�t�a� �f�r�o�m� �o�n�e� �e�v�e�n�t� �i�n� 

�t�h�e� �T�R�I�S�T�A�N� �B�a�n�k� �S�y�s�t�e�m� �(�T�B�S�)� �f�o�r�m�a�t� �u�s�e�d� �f�o�r� �d�a�t�a� �a�n�a�l�y�s�i�s�,� �a�n�d� �r�e�c�o�r�d�s� �t�h�e�m� �o�n�t�o� 

�m�a�g�n�e�t�i�c� �t�a�p�e�.� 

�2�.�3� �L�u�m�i�n�o�s�i�t�y� �M�e�a�s�u�r�e�m�e�n�t� 

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

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

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

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

�*�T�h�e� �X�R�D� �d�a�t�a� �a�r�e� �t�r�a�n�s�f�e�r�r�e�d� �s�e�p�a�r�a�t�e�l�y� �t�o� �a� �V�A�X�S�t�a�t�i�o�n� �I�I� �G�P�X� �t�h�a�t� �i�s� �c�l�u�s�t�e�r�e�d� �w�i�t�h� �A�M�Y�V�A�X�.� 
�°�T�h�i�s� �n�u�m�b�e�r� �i�s� �d�i�v�i�d�e�d� �b�y� �t�h�e� �k�n�o�w�n� �B�h�a�b�h�a� �c�r�o�s�s� �s�e�c�t�i�o�n� �a�t� �t�h�e� �c�o�l�l�i�s�i�o�n� �e�n�e�r�g�y�;� �t�h�u�s� �t�h�e� �i�n�t�e�g�r�a�t�e�d� 

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



�5�9� 

�T�a�b�l�e� �2�-�2�:� �E�v�e�n�t� �t�r�i�g�g�e�r�s� �f�o�r� �A�M�Y� �1�.�5�.� 

� � 

� � 

� � � � 

�T�r�i�g�g�e�r� �b�i�t� �|� �N�a�m�e� 

�1� �E�S�C� �d�i�m�u�o�n� 

�3� �P�r�e�s�c�a�l�e�d� �b�e�a�m� �c�r�o�s�s�i�n�g� 

�4� �>� �2� �C�D�C� �+� �>� �1� �C�D�C�/�S�H�C� �m�i�n� �I� �r�a�d�i�a�l� �t�r�a�c�k�s� �+� �I�T�C� 

�5� �E�S�C� �B�h�a�b�h�a� 

�6� �2� �C�D�C�/�S�H�C� �m�i�n� �I�J� �b�a�c�k�-�t�o�-�b�a�c�k� �r�a�d�i�a�l� �t�r�a�c�k�s� 

�8� �S�H�C� �t�o�t�a�l� �e�n�e�r�g�y� 

�9� �S�H�C� �c�l�u�s�t�e�r� �e�n�e�r�g�y� 

�1�1� �E�S�C� �2� �p�h�o�t�o�n� �+� �C�D�C� 

�1�3� �I�T�C� �2� �t�r�a�c�k� �+� �C�D�C� �+� �S�H�C� �m�i�n� �I� 

�1�4� �I�T�C� �2� �t�r�a�c�k� �b�a�c�k�-�t�o�-�b�a�c�k� �+� �C�D�C� 

�1�5� �I�T�C� �2� �t�r�a�c�k� �+� �C�D�C� �+� �S�H�C� �l�o�w� �m�a�j�o�r�i�t�y� �1� 

�1�6� �I�T�C� �m�u�l�t�i�-�t�r�a�c�k� 

�1�7� �C�D�C� �m�u�l�t�i�-�t�r�a�c�k� 

�1�8� �C�D�C� �l�o�o�s�e�r� �m�u�l�t�i�-�t�r�a�c�k� �+� �S�H�C� �m�i�n� �I� 

�1�9� �(�S�H�C� �h�i�g�h� �m�a�j�o�r�i�t�y� �1� �+� �S�H�C� �l�o�w� �m�a�j�o�r�i�t�y� �2�)� 

�o�r� �(�S�H�C� �l�o�w� �m�a�j�o�r�i�t�y� �3�)� 
�2�0� �L�o�o�s�e�r� �S�H�C� �c�l�u�s�t�e�r� �+� �C�D�C� �+� �n�o�t� �(�T�r�i�g�g�e�r� �1�9�)� 

�2�1� �C�D�C� �2� �t�r�a�c�k� �+� �I�T�C� �+� �S�H�C� �m�i�n� �I� 

�2�2� �C�D�C� �3� �o�r� �4� �t�r�a�c�k� 

�2�3� �I�T�C� �2� �t�r�a�c�k� �+� �M�U�O� 

�2�4� �I�T�C� �2� �t�r�a�c�k� �+� �C�D�C� �+� �S�H�C� �m�i�n� �I� 

�2�6� �E�S�C� �+� �C�D�C� �d�i�m�u�o�n� 

�2�7� �E�S�C� �+� �F�T�C� �d�i�m�u�o�n� 

�2�8� �S�A�C� �+� �C�D�C� 

�2�9� �E�S�C� �2� �p�h�o�t�o�n� �(�p�r�e�s�c�a�l�e�)� 

�3�0� �|� �C�D�C� �p�e�r�f�e�c�t� �2� �t�r�a�c�k� 

�3�1� �|� �C�D�C� �p�e�r�f�e�c�t� �1� �t�r�a�c�k� �o�r� �b�a�c�h�e�l�o�r� �V�,� � � �l�a�t�e�r� �C�D�C� �p�e�r�f�e�c�t� �1� �t�r�a�c�k� �o�r� �b�a�c�h�e�l�o�r� �V� 

�o�r� �a�c�o�p�l�a�n�a�r� �C�D�C� �2� �t�r�a�c�k� 
� � 

� � � 



�6�0� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �i�s� �a�l�s�o� �p�r�e�c�i�p�i�t�o�u�s�l�y� �s�t�e�e�p�:� �t�h�e� �a�c�c�u�r�a�c�y� �w�i�t�h� �w�h�i�c�h� �o�n�e� 

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

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

�T�h�e� �s�y�s�t�e�m�a�t�i�c� �u�n�c�e�r�t�a�i�n�t�y� �f�o�r� �t�h�e� �P�T�C� �l�u�m�i�n�o�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �A�M�Y� �1�.�0� �w�a�s� �2�.�4�%�;� 

�t�h�a�t� �f�o�r� �t�h�e� �E�S�C� �l�u�m�i�n�o�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �A�M�Y� �1�.�5� �w�a�s� �1�.�8�%�.� �T�h�e�s�e� �e�s�t�i�m�a�t�e�d� �e�r�r�o�r�s� 

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

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

�a�n�a�l�y�s�i�s� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e�s� �2�-�3� �a�n�d� �2�-�4�.� �T�h�e� �r�u�n� �p�e�r�i�o�d� �6�2�2�6�-�6�2�8�6� �w�a�s� �t�a�k�e�n� �d�u�r�i�n�g� �t�h�e� 

�S�p�r�i�n�g�,� �1�9�8�9� �e�n�e�r�g�y� �s�c�a�n�.� �T�h�i�s� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �n�i�n�t�h� �e�n�t�r�y� �i�n� �T�a�b�l�e� �2�-�3�,� �w�h�i�c�h� �i�s� �a� 

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

�5�8�.�5� �G�e�V�.� 

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

�q�u�e�n�c�y� �o�f� �l�a�r�g�e�-�a�n�g�l�e� �B�h�a�b�h�a� �e�v�e�n�t�s� �v�s�.� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �s�m�a�l�l�-�a�n�g�l�e� �B�h�a�b�h�a� �e�v�e�n�t�s�.� �T�h�e� 

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

�s�o� �s�t�e�e�p�.� �B�a�r�r�e�l� �B�h�a�b�h�a� �c�o�u�n�t�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e�s� �2�-�3� �a�n�d� �2�-�4�.� 

�2�.�3�.�1� �A�n�o�m�a�l�o�u�s� �R�u�n� �P�e�r�i�o�d�s� 

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

�l�u�m�i�n�o�s�i�t�y� �f�o�r� �r�u�n� �p�e�r�i�o�d� �1�0�9�8�3�-�1�1�8�0�5� �i�n� �T�a�b�l�e� �2�-�4� �r�e�f�l�e�c�t�s� �t�h�e� �r�e�m�o�v�a�l� �o�f� �r�u�n�s� �1�0�9�9�2�,� 

�1�1�1�0�0�-�1�1�1�0�2�,� �1�1�1�2�2�-�1�1�1�2�3�,� �1�1�1�8�6�-�1�1�2�0�7�,� �1�1�2�8�9�,� �a�n�d� �1�1�6�6�4�-�1�1�6�6�8�.� �T�h�e�s�e� �r�u�n�s� �h�a�d� �e�i�t�h�e�r� 

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

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

�I�n� �a�d�d�i�t�i�o�n�,� �a� �s�m�a�l�l� �s�e�c�t�i�o�n� �o�f� �d�a�t�a� �(�r�u�n�s� �9�1�5�8�-�9�1�7�2�)� �w�e�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� 

�a�n�a�l�y�s�i�s�,� �d�u�e� �t�o� �s�u�s�p�e�c�t� �S�H�C� �t�r�i�g�g�e�r�i�n�g� �(�s�e�e� �S�e�c�t�i�o�n� �6�.�4�.�2�)�.� �T�h�e� �i�n�t�e�g�r�a�t�e�d� �l�u�m�i�n�o�s�i�t�y� �f�o�r� 

�t�h�e�s�e� �r�u�n�s� �(�1�7�0� �n�b�~�'�)� �i�s� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �2�6�.�7�3� �p�b �� �o�f� �d�a�t�a� �t�a�k�e�n� �i�n� �t�h�e� �s�p�r�i�n�g� �o�f� �1�9�9�0�,� 

�f�o�r� �a�n� �e�f�f�e�c�t�i�v�e� �i�n�t�e�g�r�a�t�e�d� �l�u�m�i�n�o�s�i�t�y� �o�f� �2�6�.�5�6� �p�b�7�!�.



�6�1� 

�F�i�n�a�l�l�y�,� �t�h�e� �l�u�m�i�n�o�s�i�t�i�e�s� �f�o�r� �t�h�e� �s�p�r�i�n�g�,� �1�9�9�1� �d�a�t�a� �a�n�d� �t�h�e� �s�p�r�i�n�g�,� �1�9�9�2� �d�a�t�a� �a�r�e� �s�h�o�w�n� �w�i�t�h� 

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

�u�n�c�e�r�t�a�i�n�t�i�e�s� �d�u�e� �t�o� �d�e�a�d� �E�S�C� �p�h�o�t�o�t�u�b�e�s�.
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�C�h�a�p�t�e�r� �3� 

�M�o�n�t�e� �C�a�r�l�o� �T�e�c�h�n�i�q�u�e�s� 

�E�x�p�e�r�i�m�e�n�t�a�l� �s�c�i�e�n�c�e� �l�i�e�s� �i�n� �t�h�e� �c�o�m�p�a�r�i�s�o�n� �b�e�t�w�e�e�n� �t�h�e� �d�a�t�a� �a�n�d� �a� �t�h�e�o�r�y�.� �W�h�e�n� �a� �t�h�e�o�r�y� �i�s� 

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

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

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

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

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

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

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

�o�f� �a� �c�a�l�c�u�l�a�t�i�o�n� �f�r�o�m� �N� �s�a�m�p�l�e� �p�o�i�n�t�s� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �1�/�W�N� �[�4�0�]�.� 

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

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

�p�l�i�s�h�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �V�o�n� �N�e�u�m�a�n�n� �r�e�j�e�c�t�i�o�n� �(�V�N�R�)�.� �F�o�r� �e�x�a�m�p�l�e�,� �s�u�p�p�o�s�e� �w�e� �a�r�e� 

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

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

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

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

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

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

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

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

�t�h�a�n� �t�h�e� �a�v�e�r�a�g�e� �f�u�n�c�t�i�o�n� �v�a�l�u�e�,� �w�e� �w�i�l�l� �t�y�p�i�c�a�l�l�y� �t�h�r�o�w� �a�w�a�y� �9�9�.�9�%� �o�f� �o�u�r� �s�a�m�p�l�e� �p�o�i�n�t�s�.� 

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

�g�e�n�e�r�a�t�i�n�g� �f�u�n�c�t�i�o�n� �g�,� �w�h�i�c�h� �h�a�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�p�e�r�t�i�e�s�:� �1�)� �t�h�a�t� �g�(�x�)� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� 

�f�(�z�)� �o�v�e�r� �t�h�e� �i�n�t�e�g�r�a�t�i�o�n� �r�a�n�g�e�,� �2�)� �t�h�a�t� �g�(�x�)� �f�o�l�l�o�w� �f�(�z�)� �c�l�o�s�e�l�y�,� �a�n�d� �3�)� �t�h�a�t� �G�~�!�(�z�)�,� �w�h�e�r�e� 

�G�(�x�)� �=� �f�o� �g�(�t�)�d�t�,� �b�e� �d�e�f�i�n�e�d� �o�v�e�r� �t�h�e� �i�n�t�e�g�r�a�t�i�o�n� �r�a�n�g�e�.� �I�f� �f�(�x�)� �i�s� �p�o�o�r�l�y� �b�e�h�a�v�e�d� �o�v�e�r� 

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

�d�i�f�f�e�r�e�n�t� �g�e�n�e�r�a�t�i�n�g� �f�u�n�c�t�i�o�n� �g�,�(�z�)�.� 

�T�h�e� �i�n�t�e�g�r�a�t�i�o�n� �s�c�h�e�m�e� �i�s� �t�h�e�n� �a�s� �f�o�l�l�o�w�s�:� �1�)� �I�n� �e�a�c�h� �i�n�t�e�g�r�a�t�i�o�n� �r�a�n�g�e�,� �s�a�y� �f�r�o�m� �a�;� �t�o� �a�;�4�1�,� 

�p�r�o�d�u�c�e� �a� �n�u�m�b�e�r� �o�f� �u�n�i�f�o�r�m� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �f�r�o�m� �0� �t�o� �1�.� �F�o�r� �t�h�e� �j�*�®� �u�n�i�f�o�r�m� �r�a�n�d�o�m� 

�n�u�m�b�e�r� �r�;�,� �w�e� �c�a�l�c�u�l�a�t�e� �a� �p�o�i�n�t� �z�;� �i�n� �t�h�e� �r�a�n�g�e� �a�;� �t�o� �a�j�;�4�1�:� 

�G�7�"�(�t�5�)� 
�f�a�t�a� �G�1� �(�4�)�d�t� �(�3�.�1�)� �T�i� �=� �a�t� 

�2�)� �W�e� �t�h�e�n� �p�e�r�f�o�r�m� �V�N�R� �a�t� �t�h�e� �p�o�i�n�t� �z�,�:� �i�f� �a�n�o�t�h�e�r� �u�n�i�f�o�r�m� �r�a�n�d�o�m� �n�u�m�b�e�r� �r�,� �i�s� �g�r�e�a�t�e�r� 

�t�h�a�n� �f�(�z�;�)�/�g�:�(�z�;�)�,� �t�h�e� �s�a�m�p�l�e� �p�o�i�n�t� �i�s� �r�e�j�e�c�t�e�d�,� �o�t�h�e�r�w�i�s�e� �i�t� �i�s� �k�e�p�t�.� �C�l�e�a�r�l�y�,� �t�h�e� �e�f�f�i�c�i�e�n�c�y� 

�o�f� �c�a�l�c�u�l�a�t�i�o�n� �d�e�p�e�n�d�s� �o�n� �h�o�w� �c�l�o�s�e�l�y� �g�;�(�z�)� �f�o�l�l�o�w�s� �f�(�z�)�.� 

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

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

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

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

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

�3�.�1� �y�y�,� �y�y�y� �P�r�o�d�u�c�t�i�o�n� 

�T�h�e� �p�r�o�c�e�s�s� �e�t�e�~�  �� �7�,�7�7�7� �p�r�e�s�e�n�t�s� �s�o�m�e� �d�i�f�f�i�c�u�l�t�i�e�s� �f�o�r� �M�o�n�t�e� �C�a�r�l�o� �g�e�n�e�r�a�t�i�o�n�.� �A�s� 

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

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

�t�o� �z�e�r�o�.� 

�F�o�r�t�u�n�a�t�e�l�y�,� �a�n� �a�d�a�p�t�i�v�e� �M�o�n�t�e� �C�a�r�l�o� �p�a�c�k�a�g�e� �c�a�l�l�e�d� �B�A�S�E�S�/�S�P�R�I�N�G� �h�a�s� �b�e�e�n� �d�e�v�e�l�o�p�e�d� 

�b�y� �K�a�w�a�b�a�t�a� �[�4�1�]� �t�o� �d�e�a�l� �w�i�t�h� �s�i�n�g�u�l�a�r� �c�r�o�s�s� �s�e�c�t�i�o�n�s�.� �T�h�e� �f�i�r�s�t� �p�h�a�s�e� �o�f� �g�e�n�e�r�a�t�i�o�n�,� �t�h�e� 

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

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

�p�r�o�d�u�c�e� �s�a�m�p�l�e� �e�v�e�n�t�s�.� 

�B�A�S�E�S� �a�n�d� �S�P�R�I�N�G� �h�a�v�e� �b�e�e�n� �a�p�p�l�i�e�d� �t�o� �t�h�e� �y�y�,� �y�y�7� �c�r�o�s�s� �s�e�c�t�i�o�n� �b�y� �F�u�j�i�m�o�t�o�,� �I�g�a�r�a�s�h�i�,� 

�a�n�d� �S�h�i�m�i�z�u� �[�1�3�]�,� �[�5�]�.� �T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �t�h�e�s�i�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �t�h�e� 

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

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

�a�n�d� �a� �c�u�t� �o�f� �1�0�0� �M�e�V� �t�o� �s�e�p�a�r�a�t�e� �t�h�e� �s�o�f�t� �p�h�o�t�o�n� �r�e�a�l� �c�o�r�r�e�c�t�i�o�n� �f�r�o�m� �t�h�e� �h�a�r�d� �p�h�o�t�o�n� �r�e�a�l� 

�c�o�r�r�e�c�t�i�o�n�.� �F�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �5�8� �G�e�V� �r�a�d�i�a�t�i�v�e� �c�o�r�r�e�c�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�a�n�g�l�e�,� �w�e� �h�a�v�e� �u�s�e�d� �a� �s�o�f�t�/�h�a�r�d� �p�h�o�t�o�n� �c�u�t� �o�f� �1�0� �M�e�V�.
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�3�.�2� �U�n�s�t�a�b�l�e� �P�h�o�t�i�n�o� �P�r�o�d�u�c�t�i�o�n� 

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

�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �p�r�o�g�r�a�m� �P�H�A�S�E�R�,�!� �d�e�v�e�l�o�p�e�d� �b�y� �t�h�i�s� �a�u�t�h�o�r�.� �T�h�e� �p�r�o�m�p�t� �c�r�o�s�s� �s�e�c�-� 

�t�i�o�n� �(�E�q�u�a�t�i�o�n� �1�.�3�1�)� �h�a�s� �a� �c�o�m�p�l�i�c�a�t�e�d� �d�e�p�e�n�d�e�n�c�e� �u�p�o�n� �p�o�l�a�r� �a�n�g�l�e�,� �b�u�t� �i�t� �i�s� �e�v�e�r�y�w�h�e�r�e� 

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

�T�h�e�s�e� �p�r�o�p�e�r�t�i�e�s� �m�a�k�e� �e�v�e�n�t� �g�e�n�e�r�a�t�i�o�n� �a�n� �a�l�m�o�s�t� �t�r�i�v�i�a�l� �p�r�o�g�r�a�m�m�i�n�g� �e�x�e�r�c�i�s�e� �(�t�h�e� �a�u�-� 

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

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

�s�e�c�t�i�o�n� �(�1�.�3�1�)� �i�s� �i�n�t�e�g�r�a�t�e�d�,� �a�n�d� �t�h�e� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �t�h�e� �f�u�n�c�t�i�o�n� �i�s� �f�o�u�n�d�.�?� �S�a�m�p�l�e� 

�p�o�i�n�t�s� �a�r�e� �c�h�o�s�e�n� �b�y� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�i�n�g� �p�o�i�n�t�s� �u�n�i�f�o�r�m�l�y� �o�n�  ��1� �<� �c�o�s�@� �<� �1�,� �a�n�d� �r�e�j�e�c�t�i�n�g� 

�p�o�i�n�t�s� �w�h�e�r�e� �a� �s�e�c�o�n�d� �r�a�n�d�o�m� �d�e�v�i�a�t�e� �(�u�n�i�f�o�r�m� �o�n� �[�0�,� �1�)�)� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �f�u�n�c�t�i�o�n� �a�t� �t�h�a�t� 

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

�o�v�e�r� �0� �<� �o�5� �<� �2�m�.� 

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

�i�t�s� �r�e�s�t� �f�r�a�m�e�.� �A�s� �w�a�s� �s�h�o�w�n� �i�n� �S�e�c�t�i�o�n� �1�.�2�,� �t�h�e� �d�e�c�a�y� �l�i�f�e�t�i�m�e� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �p�h�o�t�i�n�o� 

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

�s�p�e�c�i�f�i�c� �d�e�c�a�y� �l�e�n�g�t�h� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �l�i�f�e�t�i�m�e� �g�i�v�e�n� �b�y� �E�q�u�a�t�i�o�n� �1�.�3�3�,� �w�h�e�r�e� �w�e� �h�a�v�e� �c�h�o�s�e�n� 

�a� �S�U�S�Y� �b�r�e�a�k�i�n�g� �s�c�a�l�e� �p�a�r�a�m�e�t�e�r� �o�f� �d� �=� �(�3�0�0� �G�e�V�)�?�.� �(�I�n� �t�h�e� �c�a�s�e� �o�f� �S�U�G�R�A� �m�o�d�e�l�s�,� �t�h�i�s� 

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

�I�f� �t�h�e� �d�e�c�a�y� �l�e�n�g�t�h� �i�s� �a�n�y� �l�o�n�g�e�r� �t�h�a�n� �a� �f�e�w� �c�e�n�t�i�m�e�t�e�r�s� �(�w�h�i�c�h� �i�s� �p�o�s�s�i�b�l�e� �f�o�r� �M�;� �<� �0�.�7� 

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

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

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

�o�v�e�r� �[ ��1�,�1�)�.� �W�e� �r�e�a�l�i�z�e� �t�h�a�t� �t�h�e� �¢� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�h�o�t�o�n� �i�n� �t�h�i�s� �f�r�a�m�e� �i�s� �c�o�m�p�l�e�t�e�l�y� 
� � 

�'�P�H�o�t�i�n�o� �A�n�d� �S�c�a�l�a�r� �E�l�e�c�t�r�o�n� �R�a�n�d�o�m�i�z�e�r ��t�h�e� �p�r�o�g�r�a�m� �a�d�m�i�t�t�e�d�l�y� �h�o�m�e�s�p�u�n�,� �t�h�e� �t�i�t�l�e� �a�d�m�i�t�t�e�d�l�y� 
�w�h�i�m�s�i�c�a�l�.� 

�?�T�h�e� �m�a�x�i�m�u�m� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �c�r�o�s�s� �s�e�c�t�i�o�n� �d�e�p�e�n�d�s� �u�p�o�n� �M�z�,� �M�s�,� �a�n�d� �s�,� �b�u�t� �i�t� �t�y�p�i�c�a�l�l�y� �o�c�c�u�r�s� �a�t� 
�e�i�t�h�e�r� �c�o�s�@� �=� �+�1� �o�r� �c�o�s�@� �=� �0�.� �T�h�e� �o�v�e�r�a�l�l� �s�i�z�e� �o�f� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �M�z�.



�6�8� 

�r�a�n�d�o�m�,� �b�u�t� �a�r�b�i�t�r�a�r�i�l�y� �c�h�o�o�s�e� �a� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �i�n� �t�h�i�s� �f�r�a�m�e� �s�u�c�h� �t�h�a�t� �¢�)� �=� �0�.� �T�h�e� 

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

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

�t�h�e� �p�h�o�t�i�n�o� �r�e�s�t� �f�r�a�m�e�,� �w�e� �w�i�l�l� �c�a�l�l� �(�x�4�,� �y�)�,� �z�/�)�.� �W�e� �w�i�l�l� �t�r�a�n�s�f�o�r�m� �i�t�,� �v�i�a� �a� �L�o�r�e�n�t�z� �b�o�o�s�t�,� 

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

�x�,� �5�M�;� �s�i�n� �0�,� �x�,� �4�M�;� �s�i�n� �6�,� 
�v�n� �|� �b�o�o�s�t� �,� �|�e� �(�3�.�2�)� 

�v�y� �|� �=� �0� �_�,� �|� �W�w� �|�=� �0� 
�z�n� �3�M�;� �c�o�s� �6�!� �z�i�,� �(�1�  �� �B�?�)�-�1�/�2�M�;�,� �c�o�s� �6�,� 

�w�h�e�r�e� �§� �=� �,�/�1�  �� �4�(�M�2�/�s�)� �i�s� �t�h�e� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �p�h�o�t�i�n�o�.� 

�F�i�n�a�l�l�y�,� �w�e� �m�u�s�t� �c�a�l�c�u�l�a�t�e� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�h�o�t�o�n� �b�y� �r�o�t�a�t�i�n�g� �t�h�e� �(�2 ��,� �y ��,� �z ��)� �c�o�o�r�d�i�n�a�t�e�s� 

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

�a�n�g�l�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�.� �F�o�r� �t�h�i�s� �w�e� �r�e�q�u�i�r�e� �t�h�r�e�e� �a�n�g�l�e�s�,� �c�o�m�m�o�n�l�y� �d�e�n�o�t�e�d� �6�,� �¢�,� �a�n�d� �w� �(�W�e� 

�n�o�t�e� �h�e�r�e� �t�h�a�t� �t�h�e� �0� �a�n�d� �¢� �a�n�g�l�e�s� �i�n� �t�h�e� �A�M�Y� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �a�r�e� �d�e�f�i�n�e�d� �a�c�c�o�r�d�i�n�g� �t�o� 

�t�h�e� �y�-�c�o�n�v�e�n�t�i�o�n�)�.� �T�h�e� �f�i�r�s�t� �t�w�o� �h�a�v�e� �a�l�r�e�a�d�y� �b�e�e�n� �c�h�o�s�e�n� �a�s� �6�;� �a�n�d� �$�5�;� �t�h�e� �l�a�s�t� �w�e� �c�a�n� 

�c�h�o�o�s�e� �u�n�i�f�o�r�m�l�y� �o�v�e�r� �0� �<� �#� �<� �2�x�.� �T�h�i�s� �r�a�n�d�o�m�i�z�a�t�i�o�n� �r�e�f�l�e�c�t�s� �t�h�e� �f�r�e�e�d�o�m� �w�e� �h�a�d� �i�n� 

�c�h�o�o�s�i�n�g� �¢�'�,�.� 

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

�T�y� �M�i� �M�i�z� �M�i�z� �X�e� 

�Y�y� �|�=�]� �M�a� �M�o�e� �M�2�3� �0� �|�;� �(�3�.�3�)� 

�Z�y� �M�3�,� �M�3�2�.� �M�3�3� �z�y� 

�w�h�e�r�e� �t�h�e� �m�a�t�r�i�x� �M�;�;� �i�s� �g�i�v�e�n� �b�y



�6�9� 

�c�o�s� �0�;� �c�o�s� �¢�5� �c�o�s� �Y�W�  �� �s�i�n�g�s� �s�i�n�  �� �c�o�s� �0�5� �c�o�s� �d�;� �s�i�n� �p�  �� �s�i�n�g�;� �c�o�s�y� �s�i�n� �8�;� �c�o�s� �P�y� 

�c�o�s� �6�;� �s�i�n� �$�5� �c�o�s� �+� �c�o�s� �d�s� �s�i�n�y� �c�o�s� �¢�s� �c�o�s�  ��c�o�s�é�;�s�i�n�g�s�s�i�n�y� �s�i�n� �6�5� �s�i�n� �5� 

 �� �s�i�n� �0�5� �c�o�s� �p� �s�i�n� �6�5� �s�i�n� �w� �c�o�s� �6�5�,� 

�R�e�p�e�a�t�i�n�g� �t�h�i�s� �p�r�o�c�e�s�s� �f�o�r� �t�h�e� �s�e�c�o�n�d� �p�h�o�t�i�n�o� �(�w�h�i�c�h� �h�a�s� �a� �d�i�r�e�c�t�i�o�n� �o�f� �8� �=� �1�8�0�°�  �� �6�;�,� 

�@� �=� �3�6�0�°�  �� �5�)�,� �w�e� �h�a�v�e� �t�h�e� �f�o�u�r�-�m�o�m�e�n�t�a� �o�f� �t�w�o� �p�h�o�t�o�n�s� �i�n� �t�h�e� �d�e�t�e�c�t�o�r� �f�r�a�m�e� �f�o�r� �e�a�c�h� 

�e�v�e�n�t�.� 

�3�.�2�.�1� �A�c�c�e�p�t�a�n�c�e� �F�a�c�t�o�r�s� �a�n�d� �R�a�d�i�a�t�i�v�e� �C�o�r�r�e�c�t�i�o�n�s� 

�T�h�e� �s�h�a�p�e� �a�n�d� �s�i�z�e� �o�f� �t�h�e� �e�t�e�~� �-�+� �7�¥� �c�r�o�s�s� �s�e�c�t�i�o�n� �i�s� �d�i�f�f�e�r�e�n�t� �f�o�r� �e�v�e�r�y� �c�h�o�i�c�e� �o�f� �M�x� �a�n�d� 

�M�z�,� �m�a�k�i�n�g� �f�u�l�l� �d�e�t�e�c�t�o�r� �s�i�m�u�l�a�t�i�o�n� �i�m�p�r�a�c�t�i�c�a�l�.� �I�n� �o�r�d�e�r� �t�o� �c�o�r�r�e�c�t� �f�o�r� �d�e�t�e�c�t�o�r� �a�c�c�e�p�-� 

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

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

�S�H�C� �r�e�s�o�l�u�t�i�o�n� �i�s� �e�m�u�l�a�t�e�d� �b�y� �s�m�e�a�r�i�n�g� �t�h�e� �f�i�n�a�l� �s�t�a�t�e� �e�n�e�r�g�i�e�s� �a�n�d� �a�n�g�l�e�s�.� �E�n�e�r�g�y� �s�m�e�a�r�i�n�g� 

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

�o�f� �w�i�d�t�h� �0�.�2�3�/�E� �+� �0�.�0�6�E�,� �w�h�e�r�e� �E� �i�s� �i�n� �G�e�V�.� �A�n�g�u�l�a�r� �s�m�e�a�r�i�n�g� �i�s� �d�o�n�e� �w�i�t�h� �G�a�u�s�s�i�a�n�s� 

�o�f� �w�i�d�t�h� �0�.�1�°� �i�n� �¢� �a�n�d� �0�.�3�°� �i�n� �@�.� 

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

�G�a�u�s�s�i�a�n� �o�f� �w�i�d�t�h� �1� �c�m�.� �T�h�i�s� �s�h�i�f�t� �i�s� �a�d�d�e�d� �t�o� �t�h�e� �p�h�o�t�i�n�o� �d�e�c�a�y� �p�o�i�n�t�s� �f�r�o�m� �w�h�i�c�h� �t�h�e� 

�p�h�o�t�o�n�s� �a�r�e� �p�r�o�p�a�g�a�t�e�d�.� 

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

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

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

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

�a� �+� �b�t�a�n�h�(�c�E�  �� �d�)� �(�w�h�e�r�e� �a�,� �b�,� �c� �a�n�d� �d� �a�r�e� �t�h�e� �f�i�t�t�i�n�g� �p�a�r�a�m�e�t�e�r�s�)�,� �a�n�d� �p�e�r�f�o�r�m�i�n�g� �V�o�n
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�N�e�u�m�a�n�n� �r�e�j�e�c�t�i�o�n� �f�o�r� �e�a�c�h� �e�v�e�n�t� �a�g�a�i�n�s�t� �e�a�c�h� �t�r�i�g�g�e�r�.� �A�n� �e�v�e�n�t� �i�s� �d�i�s�c�a�r�d�e�d� �i�f� �i�t� �f�a�i�l�s� �a�l�l� 

�t�r�i�g�g�e�r�s�.� 

�P�h�o�t�o�n�s� �a�r�e� �a�l�s�o� �g�i�v�e�n� �s�o�m�e� �p�r�o�b�a�b�i�l�i�t�y� �t�o� �c�o�n�v�e�r�t� �i�n�t�o� �a�n� �e�t�e!"� �p�a�i�r�.� �T�h�e� �c�o�n�v�e�r�s�i�o�n� 

�p�r�o�b�a�b�i�l�i�t�y� �f�o�r� �e�a�c�h� �p�h�o�t�o�n� �i�s� �0�.�0�2�7�8�/�s�i�n�@�,� �f�o�r� �A�M�Y� �1�.�0� �a�n�d� �0�.�0�1�8�7�/�s�i�n�@�,� �f�o�r� �A�M�Y� �1�.�5� 

�(�s�e�e� �A�p�p�e�n�d�i�x� �B�)�.� �I�f� �e�i�t�h�e�r� �p�h�o�t�o�n� �c�o�n�v�e�r�t�s�,� �t�h�e� �e�v�e�n�t� �i�s� �r�e�j�e�c�t�e�d�.� 

�E�a�c�h� �p�h�o�t�o�n� �i�s� �g�i�v�e�n� �a� �r�a�n�d�o�m�l�y� �g�e�n�e�r�a�t�e�d� �p�u�n�c�h�-�t�h�r�o�u�g�h� �d�i�s�t�a�n�c�e� �t�r� �=�  ��F� �I�n�(�w�)� �i�n�t�o� �t�h�e� 

�S�H�C�,� �w�h�e�r�e� �z� �i�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �l�e�a�d� �t�h�e� �p�h�o�t�o�n� �h�a�s� �p�u�n�c�h�e�d� �t�h�r�o�u�g�h�,� �w� �=� �1�.�4�8�5�4�c�m�7�!� 

�i�s� �t�h�e� �l�i�n�e�a�r� �a�t�t�e�n�u�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �l�e�a�d�,� �a�n�d� �w�u� �i�s� �a� �u�n�i�f�o�r�m� �r�a�n�d�o�m� �d�e�v�i�a�t�e� �o�n� �[�0�,�1�)�.� �I�f� 

�e�i�t�h�e�r� �p�h�o�t�o�n� �p�e�n�e�t�r�a�t�e�s� �b�e�y�o�n�d� �a�n�o�d�e� �l�a�y�e�r� �1�4� �(�a�g�a�i�n� �r�e�m�e�m�b�e�r�i�n�g� �t�h�e� �s�i�n� �9� �d�e�p�e�n�d�e�n�c�e�)�,� 

�t�h�e� �e�v�e�n�t� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �l�o�s�t�.� 

�W�e� �h�a�v�e� �n�o�t� �a�t�t�e�m�p�t�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �r�a�d�i�a�t�i�v�e� �c�o�r�r�e�c�t�i�o�n�s� �t�o� �7�7� �p�r�o�d�u�c�t�i�o�n�.� �W�e� �n�o�t�e� �i�n� 

�S�e�c�t�i�o�n� �6�.�3� �t�h�a�t� �t�h�e� �O�(�a�*�)� �r�a�d�i�a�t�i�v�e� �c�o�r�r�e�c�t�i�o�n�s� �f�o�r� �e�t�e ��  �� �y�y� �d�e�c�r�e�a�s�e� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� 

�b�y� �a�s� �m�u�c�h� �a�s� �1�0�%� �a�t� �8� �=� �9�0�°� �i�n� �t�h�e� �T�R�I�S�T�A�N� �e�n�e�r�g�y� �r�a�n�g�e�.� �W�e� �t�h�e�r�e�f�o�r�e� �c�o�n�s�e�r�v�a�t�i�v�e�l�y� 

�r�e�d�u�c�e� �t�h�e� �e�t�e�~�  �� �¥�¥� �c�r�o�s�s� �s�e�c�t�i�o�n� �b�y� �1�0�%� �o�v�e�r�a�l�l� �t�o� �a�c�c�o�u�n�t� �f�o�r� �r�a�d�i�a�t�i�v�e� �c�o�r�r�e�c�t�i�o�n�s�.� 

�3�.�3�.� �S�i�n�g�l�y� �R�a�d�i�a�t�i�v�e� �B�h�a�b�h�a� �P�r�o�d�u�c�t�i�o�n� 

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

�(�o�r� �b�o�t�h�)� �p�h�o�t�o�n�s� �i�n�t�o� �a�n� �e�t�e�~� �p�a�i�r�.� �T�h�e�s�e� �e�v�e�n�t�s� �a�r�e� �d�i�s�q�u�a�l�i�f�i�e�d� �b�y� �t�h�e� �m�o�s�t� �p�o�w�e�r�f�u�l� �s�e�-� 

�l�e�c�t�i�o�n� �c�r�i�t�e�r�i�o�n�:� �t�h�a�t� �t�h�e�r�e� �b�e� �n�o� �c�h�a�r�g�e�d� �t�r�a�c�k�s� �i�n� �t�h�e� �e�v�e�n�t�.� �I�n� �p�r�i�n�c�i�p�l�e� �t�h�i�s� �r�e�q�u�i�r�e�m�e�n�t� 

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

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

�a�c�o�l�l�i�n�e�a�r� �e�t�e�~� �p�a�i�r� �b�a�c�k�-�t�o�-�b�a�c�k� �w�i�t�h� �a� �h�i�g�h�-�e�n�e�r�g�y� �p�h�o�t�o�n�.� 

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

�t�i�v�e� �B�h�a�b�h�a� �s�c�a�t�t�e�r�i�n�g�,� �e�t�e!"�  �� �e�t�e�~�7�.� �I�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e�r�e� �i�s� �a� �v�e�r�y� �h�a�r�d� �(�i�.�e�.� �b�e�a�m� 

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

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

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

�f�r�a�m�e�.� 

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

�p�r�o�c�e�s�s�.� �T�o� �t�h�i�s� �e�n�d� �w�e� �e�m�p�l�o�y�e�d� �a�n� �e�v�e�n�t� �g�e�n�e�r�a�t�o�r� �b�y� �T�o�b�i�m�a�t�s�u� �a�n�d� �S�h�i�m�i�z�u� �[�4�2�]�,� �w�h�i�c�h� 

�p�r�o�d�u�c�e�s� �r�a�d�i�a�t�i�v�e� �B�h�a�b�h�a� �e�v�e�n�t�s� �u�s�i�n�g� �a�n� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �B�A�S�E�S� �a�n�d� �S�P�R�I�N�G�.� 

�3�.�4� �D�o�u�b�l�y� �R�a�d�i�a�t�i�v�e� �B�h�a�b�h�a� �P�r�o�d�u�c�t�i�o�n� 

�A�s� �w�a�s� �m�e�n�t�i�o�n�e�d� �i�n� �S�e�c�t�i�o�n� �1�.�2�,� �t�h�e� �s�e�c�o�n�d� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �b�a�c�k�g�r�o�u�n�d� �f�o�r� �t�h�e� �a�c�o�p�l�a�n�a�r� 

�7� �s�i�g�n�a�t�u�r�e� �o�f� �p�h�o�t�i�n�o� �d�e�c�a�y� �i�s� �e�t�e�~�  �� �(�e�t�e�7� �)�y�y�,� �w�h�e�r�e� �t�h�e� �f�i�n�a�l� �s�t�a�t�e� �e�l�e�c�t�r�o�n�s� �e�s�c�a�p�e� 

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

�s�i�o�n�:� �t�h�e�r�e� �a�r�e� �4�8� �O�(�a ��)� �d�i�a�g�r�a�m�s� �t�o� �c�o�n�s�i�d�e�r�,� �a�n�d� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �n�o� 

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

�T�h�e� �Y�e�n�n�i�e�-�F�r�a�u�t�s�c�h�i�-�S�u�u�r�a� �e�x�p�o�n�e�n�t�i�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �p�r�o�v�i�d�e�s� �a� �w�a�y� �a�r�o�u�n�d� �t�h�i�s� �d�i�f�f�i�c�u�l�t�y�.� 

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

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

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

�F�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �a�c�c�u�r�a�t�e� �l�u�m�i�n�o�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t� �a�t� �L�E�P�,� �a� �Y�F�S�-�b�a�s�e�d� �M�o�n�t�e� �C�a�r�l�o� 

�p�r�o�g�r�a�m�,� �B�H�L�U�M�I� �2�.�0�1�,� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �S�.� �J�a�d�a�c�h�,� �E�.� �R�i�c�h�t�e�r�-�W�a�s�,� �B�.�F�.�L�.� �W�a�r�d�,� �a�n�d� 

�Z�.� �W�a�s� �[�4�3�]�.� �B�e�c�a�u�s�e� �t�h�i�s� �p�r�o�g�r�a�m� �w�a�s� �o�p�t�i�m�i�z�e�d� �f�o�r� �l�o�w�-�a�n�g�l�e� �B�h�a�b�h�a� �s�c�a�t�t�e�r�i�n�g�,� �i�t� �w�a�s� 

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

�b�e� �a�c�c�u�r�a�t�e� �f�o�r� �t�h�e� �e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �f�o�r� �p�h�o�t�i�n�o� �d�e�c�a�y� �[�4�4�]�.� �T�h�e� �u�p�-�t�o�-�1�0�0� 

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



�7�2� 

�3�.�5� �D�o�u�b�l�y� �R�a�d�i�a�t�i�v�e� �v�y� �P�r�o�d�u�c�t�i�o�n� 

�T�h�e� �l�a�s�t� �b�a�c�k�g�r�o�u�n�d� �t�o� �e�t�e ��  �� �4�7� �>� �G�G�y�y� �i�s� �e�t�e�~�  �� �v�i�r�y�y�.� �B�e�c�a�u�s�e� �t�h�i�s� �p�r�o�c�e�s�s� 

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

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

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

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

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

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

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

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

�n�e�u�t�r�i�n�o� �s�p�e�c�i�e�s�;� �t�h�u�s� �a�t� �L�E�P� �e�n�e�r�g�i�e�s� �t�h�e� �e�t�e ��  �� �v�i�y�7�y� �p�r�o�c�e�s�s� �c�a�n�n�o�t� �b�e� �n�e�g�l�e�c�t�e�d�.� 

�F�o�r� �t�h�i�s� �p�u�r�p�o�s�e� �a� �M�o�n�t�e� �C�a�r�l�o� �f�o�r� �e�t�e!"�  �� �v�i�v�y�,� �v�v�y�y� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �M�a�n�a� �a�n�d� �M�a�r�-� 

�t�i�n�e�z� �[�4�5�]�.� �S�i�n�c�e� �L�E�P� �p�r�o�d�u�c�e�s� �r�e�a�l� �Z� �b�o�s�o�n�s�,� �t�h�e� �p�r�o�g�r�a�m� �e�m�p�h�a�s�i�z�e�s� �d�i�a�g�r�a�m�s� �w�i�t�h� 

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

�(�i�n�c�l�u�d�i�n�g� �t�h�o�s�e� �w�i�t�h� �a� �t�-�c�h�a�n�n�e�l� �W� �p�r�o�p�a�g�a�t�o�r�)�,� �p�l�u�s� �t�h�e� �f�i�f�t�h�-�o�r�d�e�r� �v�i�r�t�u�a�l� �c�o�r�r�e�c�t�i�o�n�s� 

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

�o�r�d�e�r� �d�i�a�g�r�a�m�s� �w�i�t�h� �a�n� �s�-�c�h�a�n�n�e�l� �Z�.� 

�B�e�c�a�u�s�e� �t�h�i�s� �p�r�o�g�r�a�m� �n�e�g�l�e�c�t�s� �t�h�e� �1�2� �d�i�a�g�r�a�m�s� �f�o�r� �v�y�.�v�.�y�y� �p�r�o�d�u�c�t�i�o�n� �m�e�d�i�a�t�e�d� �b�y� �a� �W�,� �i�t� 

�i�s� �n�o�t� �p�e�r�f�e�c�t�l�y� �s�u�i�t�e�d� �f�o�r� �e�s�t�i�m�a�t�i�n�g� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �t�o� �e�t�e ��  �� �7�7�  �� �G�G�y�y� �a�t� �T�R�I�S�T�A�N� 

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

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

�l�o�w�e�r�-�o�r�d�e�r� �p�r�o�c�e�s�s�e�s� �i�s� �m�a�x�i�m�a�l� �a�t� �t�h�e� �W�-�p�a�i�r� �p�r�o�d�u�c�t�i�o�n� �t�h�r�e�s�h�o�l�d� �(�,�/�s� �=� �1�6�1� �G�e�V�)�,� 

�w�h�e�r�e� �i�t� �i�s� �~� �2�0�%�.� �S�e�c�o�n�d�,� �t�h�e� �Z�-�e�x�c�h�a�n�g�e� �d�i�a�g�r�a�m�s� �p�i�c�k� �u�p� �a� �w�e�i�g�h�t�i�n�g� �f�a�c�t�o�r� �o�f� �3� �f�r�o�m� 

�Z�  �� �V�e�e�,� �V�»�N�U�,�,� �V�;�N�u�;�,�,� �W�h�e�r�e�a�s� �t�h�e� �W�-�e�x�c�h�a�n�g�e� �d�i�a�g�r�a�m�s� �h�a�v�e� �o�n�l�y� �t�h�e� �»�,� �c�h�a�n�n�e�l� 

�a�v�a�i�l�a�b�l�e�.



�7�3� 

�3�.�6� �T�h�e� �A�M�Y� �S�i�m�u�l�a�t�o�r� 

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

�f�i�l�e� �c�a�n� �b�e� �f�e�d� �i�n�t�o� �t�h�e� �A�M�Y� �s�i�m�u�l�a�t�o�r� �[�4�6�]�.� �T�h�i�s� �p�r�o�g�r�a�m� �i�m�i�t�a�t�e�s� �t�h�e� �d�e�t�e�c�t�o�r� �r�e�s�p�o�n�s�e�.� 

�T�h�e� �r�e�s�u�l�t�i�n�g� �d�a�t�a� �s�e�t�s� �h�a�v�e� �t�h�e� �s�a�m�e� �s�t�r�u�c�t�u�r�e� �a�s� �r�e�a�l� �A�M�Y� �d�a�t�a�,� �a�n�d� �c�a�n� �b�e� �a�n�a�l�y�z�e�d� �i�n� 

�t�h�e� �s�a�m�e� �w�a�y�.� 

�T�h�e�r�e� �a�r�e� �f�o�u�r� �m�a�i�n� �p�a�r�t�s� �t�o� �t�h�e� �A�M�Y� �s�i�m�u�l�a�t�i�o�n� �p�r�o�g�r�a�m�:� 

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

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

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

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

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

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

�d�u�c�e� �d�e�t�e�c�t�o�r� �s�i�g�n�a�l�s�.� 

�F�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �t�h�e�s�i�s�,� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �p�a�r�t�s� �o�f� �t�h�e� �A�M�Y� �s�i�m�u�l�a�t�o�r� �a�r�e� �t�h�e� 

�S�H�C� �d�e�t�e�c�t�o�r� �r�o�u�t�i�n�e�s�.� �F�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �d�e�s�i�r�e� �f�o�r� �a�c�c�u�r�a�t�e� �S�H�C� �s�i�m�u�l�a�t�i�o�n� �o�u�t�w�e�i�g�h�e�d� �t�h�e� 

�c�o�s�t� �o�f� �C�P�U� �t�i�m�e� �w�h�e�n� �t�h�e� �A�M�Y� �s�i�m�u�l�a�t�o�r� �w�a�s� �b�e�i�n�g� �d�e�v�e�l�o�p�e�d�.� 

�T�h�e� �S�H�C� �s�i�m�u�l�a�t�i�o�n� �c�o�d�e� �i�s� �a�n� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �E�G�S�4�.� �E�v�e�n� �a� �b�r�i�e�f� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� 

�E�G�S�4� �c�o�d�e� �s�y�s�t�e�m� �w�o�u�l�d� �b�e� �t�o�o� �l�e�n�g�t�h�y� �t�o� �p�r�e�s�e�n�t� �h�e�r�e�;� �t�h�e� �r�e�a�d�e�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �t�h�e� �E�G�S�4� 

�C�o�d�e� �S�y�s�t�e�m� �m�a�n�u�a�l� �(�(�4�7�]�)� �f�o�r� �d�e�t�a�i�l�s�.� 

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

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

�t�o� �b�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �e�n�e�r�g�y� �a�n�d� �a�n�g�l�e� �r�e�s�o�l�u�t�i�o�n�s� �o�f� �t�h�e� �S�H�C�.



�C�h�a�p�t�e�r� �4� 

�S�H�C� �A�n�a�l�y�s�i�s� 

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

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

�4�.�1� �E�n�e�r�g�y� �D�i�s�t�r�i�b�u�t�i�o�n� �i�n� �E�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �S�h�o�w�e�r�s� 

�W�h�e�n� �a� �p�h�o�t�o�n� �w�i�t�h� �e�n�e�r�g�y� �a�b�o�v�e� �2�m�,�c�?� �p�a�s�s�e�s� �t�h�r�o�u�g�h� �m�a�t�t�e�r�,� �i�t� �n�a�t�u�r�a�l�l�y� �h�a�s� �s�o�m�e� 

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

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

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

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

�m�e�d�i�u�m�.� 

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

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

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

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

�7�4



�7�5� 

�d�E� �B�o�r�t� 

 �� �=� �t�t�e� �4�.�1� �d�t� �h�o�r�a� �+� �1�)� �(�4�-�1�)� 

�w�h�e�r�e� �t� �=� �(�x�  �� �%�o�)�/�X�o� �i�s� �t�h�e� �r�a�d�i�a�t�i�v�e� �d�e�p�t�h� �o�f� �t�h�e� �s�h�o�w�e�r� �i�n� �r�a�d�i�a�t�i�o�n� �l�e�n�g�t�h�s�,� �z�o� �i�s� 

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

�p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �p�o�s�i�t�i�o�n� �o�f� �s�h�o�w�e�r� �m�a�x�i�m�u�m� �i�s� �a�t� �t�m�a�x� �=� �a�/�f�.� 

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

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

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

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

�o�f� �t�h�e� �i�n�c�i�d�e�n�t� �p�a�r�t�i�c�l�e� �[�4�8�]�.� 

�4�.�2� �G�e�n�e�r�a�l� �M�e�t�h�o�d� �o�f� �S�H�C� �A�n�a�l�y�s�i�s� 

�T�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �S�H�C� �a�n�a�l�y�s�i�s� �i�s� �t�h�e� �c�o�r�r�e�c�t�i�o�n� �o�f� �t�h�e� �r�a�w� �A�D�C� �c�o�u�n�t�s� �f�r�o�m� �t�h�e� �c�a�t�h�o�d�e� 

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

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

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

�s�u�m�m�e�d�,� �a�n�d� �c�l�u�s�t�e�r�s� �a�r�e� �r�e�c�o�n�s�t�r�u�c�t�e�d� �i�n� �e�a�c�h� �6�-�¢� �b�l�o�c�k�.� �T�h�i�r�d�,� �c�l�u�s�t�e�r�s� �s�t�r�a�d�d�l�i�n�g� �b�l�o�c�k� 

�b�o�u�n�d�a�r�i�e�s� �a�r�e� �m�e�r�g�e�d� �t�o�g�e�t�h�e�r�.� �F�o�u�r�t�h�,� �t�h�e� �e�n�e�r�g�y�,� �6�,� �a�n�d� �¢� �v�a�l�u�e�s� �f�o�r� �e�a�c�h� �c�l�u�s�t�e�r� �a�r�e� 

�r�e�c�o�n�s�t�r�u�c�t�e�d�.� �F�i�f�t�h�,� �t�h�e� �e�n�e�r�g�y�,� �6�,� �a�n�d� �@� �f�o�r� �e�a�c�h� �l�a�y�e�r� �o�f� �e�a�c�h� �c�l�u�s�t�e�r� �a�r�e� �r�e�c�o�n�s�t�r�u�c�t�e�d�,� 

�u�s�i�n�g� �t�h�e� �6�-� �a�n�d� �¢�-�p�a�d�s� �a�s�s�i�g�n�e�d� �t�o� �e�a�c�h� �c�l�u�s�t�e�r�.� �F�i�n�a�l�l�y�,� �c�a�l�i�b�r�a�t�i�o�n� �c�o�r�r�e�c�t�i�o�n�s� �a�r�e� �a�p�p�l�i�e�d� 

�t�o� �e�n�s�u�r�e� �a� �f�l�a�t� �r�e�s�p�o�n�s�e� �f�r�o�m� �t�h�e� �S�H�C�.� 

� � 

�1�B�y� �t�h�i�s� �w�e� �m�e�a�n� �t�h�e� �l�o�w�e�s�t� �e�n�e�r�g�y� �p�h�o�t�o�n�s�.� �T�h�e� �p�h�o�t�o�n� �a�t�t�e�n�u�a�t�i�o�n� �l�e�n�g�t�h� �i�n� �l�e�a�d� �p�e�a�k�s� �b�e�t�w�e�e�n� �1� 
�a�n�d� �1�0� �M�e�V�,� �f�o�r� �e�x�a�m�p�l�e�.



�7�6� 

�4�.�3�.� �C�o�r�r�e�c�t�i�o�n�s� �t�o� �S�H�C� �R�a�w� �D�a�t�a� 

�4�.�3�.�1� �H�i�g�h� �V�o�l�t�a�g�e� �C�o�r�r�e�c�t�i�o�n� 

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

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

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

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

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

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

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

�t�h�e� �1�2� �¢� �d�i�v�i�s�i�o�n�s�.� 

�4�.�3�.�2� �D�e�a�d� �C�a�t�h�o�d�e� �C�h�a�n�n�e�l� �C�o�r�r�e�c�t�i�o�n� 

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

�t�r�a�c�e�s� �o�n� �a� �c�a�t�h�o�d�e� �G�-�1�0� �l�a�y�e�r�.� �T�h�e�s�e� �d�e�a�d� �c�a�t�h�o�d�e� �c�h�a�n�n�e�l�s� �c�a�n� �b�e� �e�a�s�i�l�y� �m�a�p�p�e�d� �b�y� 

�a�p�p�l�y�i�n�g� �s�q�u�a�r�e�-�w�a�v�e� �v�o�l�t�a�g�e� �p�u�l�s�e�s� �t�o� �t�h�e� �l�a�y�e�r�s� �o�f� �l�e�a�d� �i�n� �t�h�e� �S�H�C�,� �a�n�d� �m�o�n�i�t�o�r�i�n�g� �t�h�e� 

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

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

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

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

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

�i�n� �o�n�e� �l�a�y�e�r�,� �o�n�l�y� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �t�h�e� �l�a�y�e�r�s� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �i�s� �u�s�e�d� �[�4�9�]�.� 

�4�.�3�.�3�.� �N�o�i�s�e� �S�u�b�t�r�a�c�t�i�o�n� 

�A�s� �t�h�e� �S�H�C� �a�g�e�s�,� �t�h�e� �t�e�n�s�i�o�n� �o�n� �t�h�e� �a�n�o�d�e� �w�i�r�e�s� �i�s� �t�h�o�u�g�h�t� �t�o� �c�a�u�s�e� �t�h�e� �t�u�n�g�s�t�e�n� �c�o�r�e� 

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



�7�7� 

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

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

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

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

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

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

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

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

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

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

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

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

�A� �d�i�s�c�h�a�r�g�e� �c�l�u�s�t�e�r� �i�n� �a� �g�i�v�e�n� �a�n�o�d�e� �t�o�w�e�r� �w�i�l�l� �t�y�p�i�c�a�l�l�y� �h�a�v�e� �o�v�e�r� �8�0�%� �o�f� �i�t�s� �a�n�o�d�e� �a�n�d� 

�c�a�t�h�o�d�e� �A�D�C� �c�o�u�n�t�s� �i�n� �t�h�e� �d�i�s�c�h�a�r�g�i�n�g� �l�a�y�e�r�.� �I�f� �a� �c�l�u�s�t�e�r� �(�o�v�e�r� �1� �G�e�V�)� �m�e�e�t�s� �e�i�t�h�e�r� �o�f� 

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

�4�.�3�.�4� �D�e�a�d� �A�n�o�d�e� �C�h�a�n�n�e�l� �C�o�r�r�e�c�t�i�o�n�s� 

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

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

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

�A�D�C� �c�o�u�n�t�s� �f�r�o�m� �s�i�g�n�a�l�s� �i�n� �t�h�e� �s�a�m�e� �t�o�w�e�r� �w�i�t�h�i�n� �+�2� �l�a�y�e�r�s�.� �S�e�c�o�n�d�,� �a� �c�h�a�n�n�e�l� �c�a�n� �b�e� 

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

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

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

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



�7�8� 

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

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

�4�.�3�.�5� �C�r�o�s�s�t�a�l�k� �S�u�b�t�r�a�c�t�i�o�n� 

�I�n� �e�a�c�h� �0�-�¢� �b�l�o�c�k�,� �e�a�c�h� �0�-�p�a�d� �i�n�t�e�r�s�e�c�t�s� �e�v�e�r�y� �¢�-�p�a�d�,� �a�n�d� �v�i�c�e�-�v�e�r�s�a�.� �T�h�e� �a�n�o�d�e� �w�i�r�e�s� 

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

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

�i�n�t�e�r�s�e�c�t�i�n�g� �p�a�d�.� 

�T�h�e� �c�o�r�r�e�c�t�i�o�n� �f�o�r� �t�h�i�s� �e�f�f�e�c�t� �i�s� �s�i�m�p�l�e�.� �F�o�r� �e�a�c�h� �b�l�o�c�k�,� �a� �¢�-�s�u�m� �(�6�-�s�u�m�)� �i�s� �m�a�d�e� �b�y� �a�d�d�i�n�g� 

�t�o�g�e�t�h�e�r� �t�h�e� �A�D�C� �c�o�u�n�t�s� �f�r�o�m� �e�a�c�h� �¢�-�p�a�d� �(�6�-�p�a�d�)�,� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �p�a�d� �w�i�d�t�h�s�.� 

�E�a�c�h� �6�-�p�a�d� �(�¢�-�p�a�d�)� �p�u�l�s�e� �h�e�i�g�h�t� �i�s� �t�h�e�n� �c�o�r�r�e�c�t�e�d�,� �b�y� �s�u�b�t�r�a�c�t�i�n�g� �t�h�e� �¢�-�s�u�m� �(�6�-�s�u�m�)� �t�i�m�e�s� 

�t�h�e� �6�-�p�a�d� �(�¢�-�p�a�d�)� �w�i�d�t�h�,� �t�i�m�e�s� �a� �c�a�p�a�c�i�t�i�v�e� �c�o�n�s�t�a�n�t� �o�f� �0�.�0�0�1�5�.� 

�4�.�3�.�6� �A�b�n�o�r�m�a�l� �P�e�d�e�s�t�a�l� �S�u�b�t�r�a�c�t�i�o�n� 

�P�e�d�e�s�t�a�l� �s�u�b�t�r�a�c�t�i�o�n� �(�d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.�6�)� �i�s� �p�e�r�f�o�r�m�e�d� �o�n�l�i�n�e� �b�y� �t�h�e� �S�H�C� �e�l�e�c�t�r�o�n�i�c�s�.� 

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

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

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

�d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �m�o�s�t� �f�r�e�q�u�e�n�t� �n�u�m�b�e�r� �o�f� �A�D�C� �c�o�u�n�t�s� �f�o�r� �e�a�c�h� �c�h�a�n�n�e�l� �o�v�e�r� �a� �l�a�r�g�e� �n�u�m�b�e�r� 

�o�f� �e�v�e�n�t�s�.� �T�h�e�s�e� �v�a�l�u�e�s� �+�5� �A�D�C� �c�o�u�n�t�s� �a�r�e� �s�u�b�t�r�a�c�t�e�d� �w�h�e�n� �t�h�e� �d�a�t�a� �a�r�e� �r�e�a�n�a�l�y�z�e�d�.� 

�4�.�3�.�7� �M�o�n�i�t�o�r� �T�u�b�e� �G�a�i�n� �C�o�r�r�e�c�t�i�o�n� 

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

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

�t�h�e� �m�o�n�i�t�o�r� �t�u�b�e�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.�6� �a�r�e� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� �g�a�s� �g�a�i�n� �e�m�p�i�r�i�c�a�l�l�y�.



�7�9� 

�I�n�s�i�d�e� �e�a�c�h� �m�o�n�i�t�o�r� �t�u�b�e� �i�s� �a� �0�.�5�5� �w�C�i� �°�°�F�e� �s�o�u�r�c�e�.� �T�h�e� �°�°�F�e� �n�u�c�l�e�u�s� �d�e�c�a�y�s� �v�i�a� �K�-�s�h�e�l�l� 

�e�l�e�c�t�r�o�n� �c�a�p�t�u�r�e� �t�o� �°�°�M�n�.� �T�h�e� �s�u�b�s�e�q�u�e�n�t� �L�-�K� �a�t�o�m�i�c� �t�r�a�n�s�i�t�i�o�n� �e�m�i�t�s� �a�n� �x�-�r�a�y� �p�h�o�t�o�n� �o�f� 

�5�.�9� �k�e�V�,� �w�h�i�c�h� �i�n� �t�u�r�n� �i�o�n�i�z�e�s� �t�h�e� �a�r�g�o�n� �g�a�s�.� 

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

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

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

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

�4�.�4� �C�l�u�s�t�e�r� �F�i�n�d�i�n�g� �i�n� �S�t�r�i�p� �G�e�o�m�e�t�r�i�e�s� 

�W�e� �s�t�a�r�t� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �o�n�e� �6�-�¢� �b�l�o�c�k�.� �E�a�c�h� �b�l�o�c�k� �c�o�n�s�i�s�t�s�,� �i�n� �e�a�c�h� �o�f� �t�h�e� �f�i�r�s�t� �t�w�o� �g�a�n�g�e�d� 

�c�a�t�h�o�d�e� �l�a�y�e�r�s�,� �o�f� �3�2� �¢� �s�t�r�i�p�s� �i�n�t�e�r�s�e�c�t�i�n�g� �2�8� �(�i�n�n�e�r� �b�l�o�c�k�)� �o�r� �3�6� �(�o�u�t�e�r� �b�l�o�c�k�)� �@� �s�t�r�i�p�s�.� �T�h�e�s�e� 

�n�u�m�b�e�r�s� �a�r�e� �h�a�l�v�e�d� �f�o�r� �c�a�t�h�o�d�e� �l�a�y�e�r�s� �3� �t�o� �5�.� �A�s� �a� �f�i�r�s�t� �s�t�e�p�,� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �e�a�c�h� 

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

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

�i�m�a�t�e�l�y� �G�a�u�s�s�i�a�n� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �b�o�t�h� �¢� �a�n�d� �0�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �s�h�o�w�e�r� �r�e�c�o�n�s�t�r�u�c�t�i�o�n� �i�s� 

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

�1�.� �T�h�e� �s�t�r�i�p� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� �A�D�C� �c�o�u�n�t�s� �i�s� �s�e�l�e�c�t�e�d� �a�s� �t�h�e� �c�e�n�t�e�r� �o�f� �a� �p�e�a�k�,� �p�r�o�v�i�d�e�d� 

�t�h�a�t� �p�o�s�e�s�s�e�s� �m�o�r�e� �t�h�a�n� �3�%� �o�f� �t�h�e� �A�D�C� �h�i�t�s� �i�n� �t�h�a�t� �v�i�e�w�.� 

�2�.� �T�h�e� �s�t�r�i�p�s� �w�i�t�h�i�n� �t�h�r�e�e� �s�t�r�i�p�s� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �a�r�e� �a�s�s�i�g�n�e�d� �t�o� �t�h�a�t� �p�e�a�k�.� �T�h�i�s� �i�s� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �t�y�p�i�c�a�l� �R�M�S� �w�i�d�t�h� �o�f� �a� �s�h�o�w�e�r�.� 

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

�n�e�x�t� �p�e�a�k�,� �s�u�b�j�e�c�t� �t�o� �t�h�e� �3�%� �t�h�r�e�s�h�o�l�d�.� 

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

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



�8�0� 

�d�i�s�c�a�r�d�i�n�g� �t�h�e� �s�m�a�l�l�e�s�t� �p�e�a�k� �(�i�f� �i�t� �c�o�n�t�a�i�n�s� �f�e�w�e�r� �t�h�a�n� �1�0�%� �o�f� �t�h�e� �A�D�C� �c�o�u�n�t�s� �i�n� �t�h�a�t� �v�i�e�w�)�,� 

�o�r� �m�e�r�g�i�n�g� �t�h�e� �t�w�o� �c�l�o�s�e�s�t� �p�e�a�k�s� �[�5�1�]�.� 

�4�.�4�.�1� �(�1� �x�0�)� �a�n�d� �(�1� �x� �1�)� �C�a�s�e�s� 

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

�p�e�a�k�s� �i�n� �t�h�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �v�i�e�w�.� �I�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e�r�e� �i�s� �o�n�e� �p�e�a�k� �i�n� �o�n�e� �v�i�e�w� �a�n�d� �n�o� 

�p�e�a�k� �i�n� �t�h�e� �o�t�h�e�r� �v�i�e�w�,� �t�h�e� �p�e�a�k� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �n�o�i�s�e� �a�n�d� �i�s� �d�i�s�c�a�r�d�e�d�.� �T�h�e� �c�a�s�e� �w�i�t�h� �o�n�e� 

�p�e�a�k� �i�n� �e�a�c�h� �v�i�e�w� �i�s� �j�u�s�t� �a�s� �t�r�i�v�i�a�l�:� �t�h�e� �6� �a�n�d� �¢� �p�e�a�k�s� �a�r�e� �c�o�m�b�i�n�e�d�,� �a�n�d� �p�r�o�m�o�t�e�d� �t�o� �t�h�e� 

�r�a�n�k� �o�f� �c�l�u�s�t�e�r�.� 

�4�.�4�.�2� �(�1� �x�2�)� �a�n�d� �(�1� �x� �3�)� �C�a�s�e�s� 

�T�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e�r�e� �i�s� �o�n�e� �h�i�t� �i�n� �o�n�e� �v�i�e�w� �a�n�d� �t�w�o� �h�i�t�s� �i�n� �t�h�e� �o�t�h�e�r� �v�i�e�w� �i�s� �s�o�m�e�w�h�a�t� �m�o�r�e� 

�c�o�m�p�l�i�c�a�t�e�d�.�2� �W�e� �m�u�s�t� �d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� �i�n�s�t�a�n�c�e�s� �w�h�e�r�e� �t�h�e�r�e� �a�r�e� �t�w�o� �p�h�y�s�i�c�a�l� �s�h�o�w�e�r�s� 

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

�T�o� �t�h�i�s� �e�n�d�,� �w�e� �a�s�s�i�g�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �q�u�a�n�t�i�t�i�e�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �f�o�r� �t�h�e� �(�1� �x� �2�)� �c�a�s�e�:� 

�C�,� �=� �|�A�D�C�(�4�,�)�  �� �A�D�C�(�¢�,�)�  �� �A�D�C�(�4�2�)�|� 
�C�z� �=� �|�A�D�C�(�6�,�)�  �� �A�D�C�(�¢�1�)�|� �+� �A�D�C�(�¢�2�)� 

�C�3� �=� �|�A�D�C�(�6�,�)�  �� �A�D�C�(�¢�2�)�|� �+� �A�D�C�(�¢�1�)�,� 

�w�h�e�r�e� �A�D�C�(�¢�,�)� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�u�m�b�e�r� �o�f� �A�D�C� �c�o�u�n�t�s� �a�s�s�i�g�n�e�d� �t�o� �t�h�e� �f�i�r�s�t� �¢� �p�e�a�k�,� �e�t�c�.� 

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

�s�e�c�o�n�d� �¢� �p�e�a�k� �i�s� �a� �n�o�i�s�e� �p�e�a�k�;� �C ��3� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �f�i�r�s�t� �¢� �p�e�a�k� �i�s� �a� �n�o�i�s�e� 

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

�>�W�e� �d�i�s�t�i�n�g�u�i�s�h� �c�a�s�e�s� �w�i�t�h� �m�u�l�t�i�p�l�e� �p�e�a�k�s� �b�y� �l�a�b�e�l�l�i�n�g� �t�h�e�m�  ��(�n� �x� �m�) ��,� �w�h�e�r�e� �n� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �6� �p�e�a�k�s� 
�a�n�d� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �¢� �p�e�a�k�s�.� �T�h�u�s� �t�h�e�  ��(�1� �x� �2�)� �c�a�s�e �� �r�e�f�e�r�s� �t�o� �o�n�e� �@� �p�e�a�k� �a�n�d� �t�w�o� �@� �p�e�a�k�s�,� �w�h�e�r�e�a�s� �t�h�e� 
 ��(�2� �x� �1�)� �c�a�s�e �� �r�e�f�e�r�s� �t�o� �t�w�o� �@� �p�e�a�k�s� �a�n�d� �o�n�e� �¢� �p�e�a�k�.



�8�1� 

�T�h�e� �(�1� �x� �3�)� �a�n�d� �(�3� �x� �1�)� �c�a�s�e�s� �a�r�e� �d�e�c�i�d�e�d� �i�n� �e�x�a�c�t�l�y� �t�h�e� �s�a�m�e� �w�a�y� �a�s� �t�h�e� �(�1� �x� �2�)� �c�a�s�e�,� �e�x�c�e�p�t� 

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

�s�e�v�e�n� �q�u�a�n�t�i�t�i�e�s� �C�'� �t�o� �c�a�l�c�u�l�a�t�e�.� 

�4�.�4�.�3� �(�2�x�2�)� �C�a�s�e� 

�T�h�e� �c�a�s�e� �(�2� �x� �2�)� �(�a�n�d� �h�i�g�h�e�r�)� �p�r�e�s�e�n�t�s� �a�n� �a�d�d�e�d� �d�i�f�f�i�c�u�l�t�y�:� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �m�a�t�c�h�i�n�g� �t�h�e� �0� 

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

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

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

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

�W�e� �m�u�s�t� �a�l�s�o� �t�a�k�e� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �o�n�e� �n�o�i�s�e� �p�e�a�k� �i�n� �e�i�t�h�e�r� �t�h�e� �¢� �o�r� �t�h�e� �0� 

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

�s�o�f�t�,� �t�h�e�r�e� �i�s� �s�o�m�e� �c�h�a�n�c�e� �o�f� �m�i�s�t�a�k�i�n�g� �t�h�e� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �h�i�t�s� �f�o�r� �a� �(�1� �x� �2�)� �o�r� �(�2� �X�x� �1�)� �c�a�s�e�.� 

�F�o�r� �t�h�e� �(�2� �x� �2�)� �c�a�s�e� �t�h�e�r�e� �a�r�e� �t�h�u�s� �s�i�x� �q�u�a�n�t�i�t�i�e�s� �C� �t�o� �c�a�l�c�u�l�a�t�e�:� �t�w�o� �w�h�e�r�e� �t�h�e�r�e� �a�r�e� �n�o� 

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

�F�i�g�u�r�e� �4�-�1� �s�h�o�w�s�,� �f�o�r� �t�h�e� �(�2� �x� �2�)� �c�a�s�e�,� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �e�v�e�n�t�s� �w�i�t�h� �g�h�o�s�t� �c�l�u�s�t�e�r�s� �a�s� �a� 

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

�G�e�V�.� �A� �s�a�m�p�l�e� �o�f� �1�0�0�0� �e�v�e�n�t�s� �w�a�s� �f�u�l�l�y� �s�i�m�u�l�a�t�e�d� �f�o�r� �e�a�c�h� �p�o�i�n�t�,� �w�i�t�h� �t�h�e� �5� �G�e�V� �p�h�o�t�o�n� 

�g�e�n�e�r�a�t�e�d� �a�t� �(�9� �=� �8�5�°�,� �@� �=� �7�.�5�°�)�,� �a�n�d� �t�h�e� �p�h�o�t�o�n� �o�f� �v�a�r�y�i�n�g� �e�n�e�r�g�y� �g�e�n�e�r�a�t�e�d� �a�t� �(�6� �=� �7�5�°�,� 

�@� �=� �2�2�.�5�°�)�.� �E�v�e�n�t�s� �w�i�t�h� �c�h�a�r�g�e�d� �t�r�a�c�k�s� �f�r�o�m� �a� �p�h�o�t�o�n� �c�o�n�v�e�r�s�i�o�n� �t�o� �e�t�e�~� �w�e�r�e� �d�i�s�c�a�r�d�e�d�.� 

�R�a�t�e�s� �f�o�r� �(�2� �x� �2�)� �m�i�s�i�d�e�n�t�i�f�i�c�a�t�i�o�n� �(�i�.�e�.� �0� �h�i�t�s� �m�a�t�c�h�e�d� �w�i�t�h� �w�r�o�n�g� �¢� �h�i�t�s�)� �i�s� �s�h�o�w�n�,� �a�l�o�n�g� 

�w�i�t�h� �t�h�e� �r�a�t�e� �f�o�r� �(�2� �x� �1�)� �o�r� �(�1� �x� �2�)� �m�i�s�i�d�e�n�t�i�f�i�c�a�t�i�o�n�.� 

� � 

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

� � � � 
� � 

�2�5� �T�T� �1� �T�O�S� �e�e� �e�e� �q� �t� �1� �q� �i� �t�o� �o�q� �q� �q� �>�t� �y�e� �1� �'� �7� �|� �|� �4� 
�F� �4� 

�p� �7� 
�2�0� �T�-� �_� 

�,� �r� �1� 
�b�u� �L�e�  �� �5� �1�5� �-� 
�3� �T�t� �|� �1� 
�0�  �� �-�_� 

 �� �L�e�  �� �E� �1�0� �{� �:� 

�a�b� �L� �:� �r� �|� �i� �:� 
�B�E�  �� �B�R� �L� �t� �-� 

�L� �t� �z� �i� �i� 
�0� �a�e� �o�e� �e�r�e� �|� �o�e� �|� �L�o� �a�f� �2� �z�l�»� �l� �L�t� 

�6� �8� �1�0� �2� �4� 
�E�n�e�r�g�y� �o�f� �s�e�c�o�n�d� �p�h�o�t�o�n� �i�n� �b�l�o�c�k� 

�o�O� 

�F�i�g�u�r�e� �4�-�1�:� �P�e�r�c�e�n�t�a�g�e� �o�f� �g�h�o�s�t� �c�l�u�s�t�e�r�s� �v�s�.� �p�h�o�t�o�n� �e�n�e�r�g�y� �(�(�2� �x� �2�)� �c�a�s�e�)�.� �O�t�h�e�r� �p�h�o�t�o�n� �h�a�s� 

�5� �G�e�V� �o�f� �e�n�e�r�g�y�.� �S�q�u�a�r�e� �p�o�i�n�t�s� �d�e�n�o�t�e� �(�2� �x� �2�)� �g�h�o�s�t�s�;� �d�i�a�m�o�n�d�s� �d�e�n�o�t�e� �(�2� �x� �1�)� �o�r� �(�1� �x� �2�)� 

�g�h�o�s�t�s�.



�8�3� 

�4�.�4�.�4� �H�i�g�h�e�r� �O�r�d�e�r� �C�a�s�e�s� 

�T�h�e� �A�M�Y� �c�l�u�s�t�e�r�i�n�g� �r�o�u�t�i�n�e�s� �c�a�n� �h�a�n�d�l�e� �u�p� �t�o� �t�h�e� �(�3�x�3�)� �c�a�s�e�,� �f�o�r� �w�h�i�c�h� �t�h�e�r�e� �a�r�e� �4�8� �p�o�s�s�i�b�l�e� 

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

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

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

�I�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �n�u�m�b�e�r� �o�f� �¢� �o�r� �8� �p�e�a�k�s� �c�o�u�l�d� �n�o�t� �b�e� �a�d�j�u�s�t�e�d� �t�o� �f�e�w�e�r� �t�h�a�n� �f�o�u�r�,� �t�h�e� 

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

�t�h�e� �c�l�u�s�t�e�r� �i�s� �t�h�e� �s�u�m� �o�f� �t�h�e� �p�a�d� �e�n�e�r�g�i�e�s�;� �t�h�e� �¢� �a�n�d� �8� �v�a�l�u�e�s� �a�r�e� �t�h�e� �w�e�i�g�h�t�e�d� �m�e�a�n� �v�a�l�u�e�s� 

�o�f� �t�h�e� �a�s�s�i�g�n�e�d� �p�e�a�k�s�.� 

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

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

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�-�1�.�5� 

�4�.�5� �B�o�u�n�d�a�r�y� �M�a�t�c�h�i�n�g� 

�W�h�e�n� �a� �s�h�o�w�e�r� �s�t�r�a�d�d�l�e�s� �o�n�e� �o�f� �t�h�e� �8�4� �b�l�o�c�k� �b�o�u�n�d�a�r�i�e�s�,� �t�h�e� �e�n�e�r�g�y� �d�e�p�o�s�i�t�i�o�n� �o�n� �e�i�t�h�e�r� �s�i�d�e� 

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

�d�i�s�m�e�m�b�e�r�e�d� �s�h�o�w�e�r�s� �a�n�d� �r�e�u�n�i�t�e� �t�h�e�m�.� 

�F�o�r� �e�a�c�h� �c�l�u�s�t�e�r�,� �w�e� �f�i�r�s�t� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �a�n�y� �o�f� �i�t�s� �6� �o�r� �¢� �p�a�d�s� �i�s� �a�t� �a� �b�l�o�c�k� �b�o�u�n�d�a�r�y�.� 

�W�e� �a�l�s�o� �r�e�c�o�r�d� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �e�a�c�h� �c�l�u�s�t�e�r� �c�e�n�t�r�o�i�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �b�o�u�n�d�a�r�i�e�s� �i�n� �t�h�e� �0� 

�a�n�d� �¢� �d�i�r�e�c�t�i�o�n�s�.� 

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

�b�l�o�c�k� �w�i�t�h�i�n� �3�°� �o�f� �t�h�e� �s�a�m�e� �b�o�u�n�d�a�r�y�.� �S�u�p�p�o�s�e� �o�u�r� �c�l�u�s�t�e�r� �i�s� �a�g�a�i�n�s�t� �a� �¢� �(�0�)� �b�l�o�c�k� �b�o�u�n�d�a�r�y�:� 
� � 

�°�Q�,� �d�e�n�o�t�e�s� �t�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �c�l�u�s�t�e�r� �u�n�d�e�r� �c�o�n�s�i�d�e�r�a�t�i�o�n�.� �I�f� �i�t� �i�s� �m�e�r�g�e�d� �w�i�t�h� �a�n�o�t�h�e�r� �c�l�u�s�t�e�r� �a�t� �a� 
�b�o�u�n�d�a�r�y� �(�s�e�e� �S�e�c�t�i�o�n� �4�.�5�)�,� �t�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �s�e�c�o�n�d� �c�l�u�s�t�e�r� �i�s� �d�e�n�o�t�e�d� �Q�e�.



�8�4� 

�T�a�b�l�e� �4�-�1�:� �C�l�u�s�t�e�r�i�n�g� �c�a�s�e�s�.� 

� � 

� � 

� � 

� � 

� � � � � � � � � � 

�C�a�s�e� �C�o�m�b�i�n�a�t�i�o�n�s� �Q�u�a�l�i�t�y� 

�(�1� �x� �1�)� �1� �1� 

�(�1� �x� �2�)�,� �(�2�x� �1�)� �3� �2� 

�(�1� �x� �3�)�,� �(�3� �x� �1�)� �7� �2� 

�(�2� �x� �2�)� �6� �4� 

�(�2� �x� �3�)�,� �(�3� �x� �2�)� �1�7� �8� 

�(�3� �x� �3�)� �4�8� �1�6� 

�(�>� �4�x� �a�n�y�t�h�i�n�g�)�  �� �3�2�+� �1� 

�B�o�u�n�d�a�r�y� �m�a�t�c�h�  �� �6�4�4�+� �Q�1�+�Q�2� 

�N�o�i�s�e� �c�l�u�s�t�e�r�  �� �1�6�3�8�4� �+� �Q�,� � � � � 
� � 

�i�f� �a�n�y� �o�f� �i�t�s� �6� �(�¢�)� �p�a�d�s� �o�v�e�r�l�a�p�s� �(�i�n� �6� �(�¢�)� �c�o�v�e�r�a�g�e�)� �a�n�y� �o�f� �t�h�e� �@� �(�¢�)� �p�a�d�s� �i�n� �t�h�e� �n�e�i�g�h�b�o�r�i�n�g� 

�c�l�u�s�t�e�r�,� �t�h�e� �c�l�u�s�t�e�r�s� �a�r�e� �m�e�r�g�e�d�.� 

�E�x�a�m�p�l�e�s� �o�f� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�-�2�.� �I�n� �F�i�g�u�r�e� �4�-�2�(�a�)�,� �t�w�o� �c�l�u�s�t�e�r�s� �a�r�e� 

�m�e�r�g�e�d� �a�t� �a� �9� �b�o�u�n�d�a�r�y�.� �T�h�e� �h�i�g�h�e�s�t� �6� �a�n�d� �@�¢� �p�a�d�s� �f�o�r� �e�a�c�h� �c�l�u�s�t�e�r� �a�r�e� �s�h�o�w�n� �i�n� �b�l�a�c�k�;� 

�t�h�e� �o�t�h�e�r� �p�a�d�s� �a�s�s�i�g�n�e�d� �t�o� �e�a�c�h� �c�l�u�s�t�e�r� �a�r�e� �s�h�o�w�n� �i�n� �g�r�e�y�.� �F�i�g�u�r�e� �4�-�2�(�b�)� �s�h�o�w�s� �t�w�o� �c�l�u�s�t�e�r�s� 

�t�h�a�t� �a�r�e� �n�o�t� �m�e�r�g�e�d� �a�t� �a� �b�o�u�n�d�a�r�y�.� �T�h�e� �¢� �p�a�d�s� �d�o� �n�o�t� �o�v�e�r�l�a�p�.� 

�4�.�6� �S�H�C� �C�a�l�i�b�r�a�t�i�o�n� 

�O�n�c�e� �c�l�u�s�t�e�r�s� �h�a�v�e� �b�e�e�n� �r�e�c�o�g�n�i�z�e�d� �i�n� �t�h�e� �S�H�C�,� �a�d�d�i�t�i�o�n�a�l� �c�o�r�r�e�c�t�i�o�n�s� �m�u�s�t� �b�e� �a�p�p�l�i�e�d� �f�o�r� 

�t�h�e� �e�n�e�r�g�y� �a�n�d� �p�o�s�i�t�i�o�n� �o�f� �a� �c�l�u�s�t�e�r� �t�o� �b�e� �a�c�c�u�r�a�t�e�l�y� �m�e�a�s�u�r�e�d�.
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�F�i�g�u�r�e� �4�-�2�:� �(�a�)� �T�w�o� �c�l�u�s�t�e�r�s� �m�e�r�g�e�d�,� �(�b�)� �T�w�o� �c�l�u�s�t�e�r�s� �n�o�t� �m�e�r�g�e�d� �a�t� �a� �b�o�u�n�d�a�r�y�.


