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The Modeling of Partial Discharge under Fast, Repetitive Voltage
Pulses Using Finite-Element Analysis

S. Moein R. Borghei

(ABSTRACT)

By 2030, it is expected that 80% of all electric power will flow through power electronics
systems. Wide bandgap power modules that can tolerate higher voltages and currents than
silicon-based modules are the most promising solution to reducing the size and weight of
power electronics systems. These wide-bandgap power modules constitute powerful building
blocks for power electronics systems, and wide bandgap-based converter/power electronics
building blocks are envisaged to be widely used in power grids in low- and medium-voltage
applications and possibly in high-voltage applications for high-voltage direct current and
flexible alternating current transmission systems. One of the merits of wide bandgap devices
is that their slew rates and switching frequencies are much higher than silicon-based devices.
However, from the insulation side, frequency and slew rate are two of the most critical fac-
tors of a voltage pulse, influencing the level of degradation of the insulation systems that
are exposed to such voltage pulses. The shorter the rise time, the shorter the lifetime. Fur-
thermore, lifetime dramatically decreases with increasing frequency. Thus, although wide
bandgap devices are revolutionizing power electronics, electrical insulating systems are not
prepared for such a revolution; without addressing insulation issues, the electronic power rev-
olution will fail due to dramatically increased failure rates of electrification components. In
this regard, internal partial discharges (PDs) have the most effect on insulation degradation.
Internal PDs which occur in air-filled cavities or voids are localized electrical discharges that

only partially bridge the insulation between conductors. Voids in solid or gel dielectrics are



challenging to eliminate entirely and may result simply during manufacturing process. The
objective of this study is to develop a Finite-Element Analysis (FEA) PD model under fast,
repetitive voltage pulses, which has been done for the first time. The model is coded and
implemented in COMSOL Multiphysics linked with MATLAB, and its simulation results are
validated with experimental tests. Using the model, the influence of different parameters

including void shape, void size, and void air pressure on PD parameters are studied.



The Modeling of Partial Discharge under Fast, Repetitive Voltage
Pulses Using Finite-Element Analysis

S. Moein R. Borghei

(GENERAL AUDIENCE ABSTRACT)

To decarbonize and reduce energy consumption for commercial aviation, the development of
lightweight and ultra-efficient all-electric powertrain including electric motors, drives, and
associated thermal management systems has been targeted. Using wide bandgap (WBG)
power modules that can tolerate high voltages and currents can reduce the size and weight
of the drive. However, the operation of WBG-based power converter can endanger the
reliability of the electrified systems, most importantly, the insulation system. In this study,
it is attempted to model the impact of such threats to the insulation system using numerical

models.
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As air quality has kept becoming a more and more vital problem in 21st century, electri-
fication of various systems and equipment has been offered as a solution to that [2]. The
rapid growth of electrification also lies in several other advantages of using electricity over
conventional energy resources. These advantages include the more flexibility and controlla-
bility that electric systems provide, also the transmission of power at almost the speed of

light and the capability of electricity to be stored give more merits to this trend [3].

The electrification trend initiated in the transportation section, specifically in electric cars
and it keeps moving toward the naval and aviation industry. Annual global growth of 4.7%
is expected until 2028 in the commercial air traffic demand, also doubling the number of
passengers in the upcoming 20 years till 2040 [4, 5]. On the other hand, economic and
environmental problems should be overcome to facilitate electrification in these sectors. As
it is reported in [6], the commercial aviation consumed almost 16% of the total petroleum
(crude oil and products) imports of the US. In the same year, 2.6% of domestic greenhouse
gas emissions (174.8 million metric tons of CO,) was produced by air travels [7]. To address
the above issues, i.e. energy consumption and carbonization, electrified aircraft technologies

have been aimed.



2 Q0uuood 4t looooboooioo

Besides, by the end of 2030, it is expected that 80% of power will flow through power elec-
tronics employed across the power grid [8]. Rapid-growing penetration of power electronics
into various residential, industrial, and commercial levels by integration of more renewable
energy into power grid emphasizes on the key role played by power electronics systems in
future smarter grid, expanded from transmission to distribution, and furtherly to the con-
sumers [9, 10, 11]. Power electronics also has a substantial role in transferring energy from
electric energy storage systems to the electrical grid and vice versa [12]. Furthermore, bidi-
rectional dc chargers, FACTS devices are some other power electronics technologies being

developed [13].

In modern converters, the emergence of WBG-based systems has led to significantly high
efficiencies. Moreover, maturity of these WBG semiconductor technology in the next gener-
ations of power electronic modules has enabled them to operate at higher voltages, higher
frequencies, and higher temperatures [14]. Commercially, these new highly efficient devices
are being more and more available [15]. Although WBG-based converters have an electric
breakdown about 10 times higher than silicon (Si)-based systems[16], the operation at of
these devices at high frequencies ( 50 kHz and above) can cause the rapid deterioration of
insulation systems through intensive electric stress. Various methods of insulation health
diagnosis are found including partial discharges, leakage current, electrical breakdown, di-

electric losses, and electric field distribution [17].

Among the different degradation mechanisms, the accelerated aging of insulation systems
due to fast, repetitive voltage pulses originated by WBG-based converters can be mentioned
as the major obstacle toward employment of this technology [18]. The most crucial insulation

degradation factor under fast, repetitive voltage pulses is PD [19, 20].

According to IEC 60270, PDs are local electrical discharges that do not completely bridge

the insulation between conductors and may or may not occur adjacent to a conductor. If the
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electric field intensity across a portion of dielectric exceeds its electrical breakdown strength,
then a local breakdown is expected. This phenomenon is known as partial breakdown or
partial discharge (PD). The charged particles (electrons, positive ions, and negative ions)
produced during the discharge move toward the void’s wall and, subsequently erode the
dielectric through bombardment of the wall. Secondary electrons can, then, be generated
through these collision as a function of dielectric’s work function. Moreover, the discharge
can give rise to some products such as Oz or NO,, which further causes chemical degradation
of the solid dielectric. Thus, despite the fact that PD does not impose a global breakdown
between electrodes, the slow deterioration of dielectric material can eventually cause the

breakdown of solid dielectric [21, 22].

Ooi0  o0ioooiod

Although numerous techniques have been evolved to detect and localize PDs [23, 24, 25], PD
modeling has not reached the same end. Among different studies performed on PD modeling,
the modeling of cavity-dielectric system gained the most attention, starting in the early 19th
century [26, 27, 28]. The major concentration of these studies has been on PD analysis and
quantification under sinusoidal waves; however, the growing penetration of power electronics
into power grid has substantiated the need to study PD under fast, high-frequency square
wave (PWM-like) pulses.

Among the studies conducted on PD phenomenon so far, major works have focused on un-
derstanding the effect of the existence of a void within the dielectric [26, 27, 28, 29]. The
formation of cavities and air-filled bubbles is natural during the manufacturing process of

dielectrics while the streamer propagation can also lead to formation voids [30, 31]. Al-
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though the emergence of the Vacuum Pressure Impregnation (VPI) technique has lowered
the number and volume of cavities inside the insulating medium, making it zero does not
seems a plausible mission. In [32], it is revealed that the electrical treeing is another reason
to the existence of cavities. Although some studies have confirmed that some dielectrics have
self-healing capability, this is not the case for a lot of insulating materials such as slicone
gel which is the predominant encapsulating material in power electronics. In silicone gel, a
cavity can remain up to 10 ms that is 1000 times higher than non-viscous liquids [33] which

causes the gradual deterioration of insulating material.

Since the permittivity of the gas (air, SF6, etc.) is usually less than the dielectric’s per-
mittivity, the voids are called weak points due to the higher electric field across the cavity
higher than the dielectric. In [34], it is shown that the electric field intensity in a spherical
void is about 30% higher than the case of void-free dielectric. Therefore, the examination of

cavity effect on the health of dielectric must be performed.

Frequency and rise time are among the most destructive factors of a square wave voltage
[35]. Thus, although WBG-based power electronics can present higher power density, voltage
pulses having extremely high slew rate and frequencies can introduce severe threats to the
health of insulation systems in WBG power modules [36, 37], where the breakdown can hap-
pen within hours or even minutes [35]. Although geometrical techniques or using nonlinear
resistive grading coating layers can help lowering the electric field intensity [36, 38, 39], it is
still necessary to understand the mechanisms behind PD can help to better implement elec-
tric field control methods. Another strategy one might bring up is the adoption of a thicker
layer of dielectric; however, this cannot be a promising solution due to the tremendous desire

of power electronics industry for miniaturization [40, 41, 42].

Moreover, it has been reported through experimental investigations that the fast-rise, high-

frequency square wave voltages have a detrimental impact on the health of dielectrics in
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terms of PD ignition rate and intensity [43, 44]. In [45], the detrimental impacts of a high
slew rate were studied, and the results showed that high slew rate square voltages substan-
tially increased the intensity of PDs within the insulating medium and changed the PD
spectrum. It has also been shown in [46, 47| that, although at a higher frequency the PD
intensity is lower, the higher repetition rate causes rapid degradation of insulation. Thus, at
higher frequencies, the lifetime of insulation is reduced. All the challenges mentioned in this
section demonstrate the prominence of a profound investigation into the PD phenomenon as

the insulation system puts a limiting factor on the reliability of the whole system.

Oi0 Ooooooigd

Various models have been proposed for the modeling of PD using the cavity-dielectric repre-
sentation [48, 49, 50, 51, 52, 53, 54]. In this study, the FEA method is used to dynamically
model the PD phenomenon. The advantage of FEA over other models is its ability to apply
to sophisticated geometries as well as its ability to dynamically monitor changes in the values
of electrical properties such as electric field, current density, field displacement, etc. [55].
The parameters associated with the FEA are selected such that the results meet experimental

reports in the literature.

The goal of this study is to explore the PD phenomenon and its characteristics under high-
frequency, fast-rise square wave voltage on which insufficient work has been conducted. In
this case, two PDs take place for each pulse: one on the rising flank, and the other on
the falling one. The various parameters in the study of PD under repetitive voltage pulses

includes but is not limited to frequency, rise time, and amplitude of the applied voltage.

To model PD phenomenon , one should bear in mind that PD is a stochastic process and
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can be controlled by various factors concerning the physical processes. For instance, the
location and shape of the voids have a substantial impact in PD inception [21]. Considering
all these conditions, it is aimed to find the variation of PD magnitude with respect to
different parameters that are assessed by the FEA model developed in this study. These
parameters can include void characteristics such as size and shape. They also constitute
environmental and electrical specifications such as air pressure inside the void, temperature,

and void conductivity.

Besides the importance of delving into the stochastic property of PD events to obtain an
accurate PD pattern, it is also important to investigate the physics of PD phenomenon.
In order to provide a valid comparison among different values for a given parameter, the
stochastic property of PD should be frozen. The reason for this is that the variations of
the random nature of PD can significantly influence the physical meaning of the outcome,

misleading our judgment about a certain parameter.

Aside from the impact of the applied voltage characteristics, environmental conditions can
also change the way the PD phenomenon is looked at today. For instance, an aircraft can be
at a pressure as low as 4 psi when flying at cruising altitude where the impact of pressure on
PD occurrence has not been sufficiently studied so far. To the best of author’s knowledge,
there is only one paper reporting experimental investigations on the effect of fast, repetitive
voltage pulses (5 to 200 kHz) at pressure levels between 20 and 100 kPa on repetitive partial

discharge inception voltage (RPDIV) of a solid dielectric (a twisted wire pair) [56].

This study also focuses on the effects that low-pressure conditions have on different model
parameters and reflects on how these changes affect PD characteristics. The work was done
under high frequency, high slew rate voltages to accurately model the escalated tension that

the insulation system undergoes.
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In chapter 2, the theories for the PD phenomenon are reviewed. First, PD types are in-
troduced and then, the models for PD analysis are discussed. After that, the physical
mechanism of PD is explained and an overview of the theories for PD inception, extinction,

and initial electron generation is presented. Finally, the concept of PD memory is discussed.

In chapter 3, the theories introduced in chapter 2 are mathematically presented. At first, the
streamer inception criterion and the condition for PD quenching are presented. Then, differ-
ent theoretical and experimental representations of initial electron generation are overviewed.
Later in this chapter, the charge decay process and calculation procedure of PD charges are

discussed. Finally, the whole algorithm for PD analysis is developed.

In chapter 4, the two case studies that are used for the evaluation of the proposed algorithm
are introduced. Then, the electric field distribution in each of these case studies is obtained
with the aid of FEA. Then, the PRPD pattern for each case is obtained, and also the impact
of cavity properties is assessed on PD events. After that, the influence of applied voltage
characteristics on the PD phenomenon is evaluated. Finally, the performance of insulation

under extremely low-pressure conditions is examined.

In chapter 5, the conclusions and future works are brought, and the references are listed in

the last section.
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PDs can occur in solids, liquids, and gases and are usually divided into three groups (shown
in Fig. 2.1). The PDs occurring in the cavities or inclusion inside a solid or liquid dielectric
are called “Internal Discharges” (see Fig. 2.1(a)). This type of PDs is usually inevitable as
it is part of the manufacturing process in the case of solid and liquid insulating mediums.
Examples of internal discharges include but not are limited to the PDs occurring in the

transformer oils, or inside the silicone gel which encapsulates a power converter. If PD

. = \/
(a) (b) (¢)

Figure 2.1: PD Types: (a) internal discharge, (b) surface discharge, and (c¢) corona.

occurs at the interface between air (or any other gaseous medium) and a liquid or solid
dielectric, it is called “Surface Discharges” (see Fig. 2.1(b)), also known as “tracking”. This
usually occurs when the electric field component parallel to the interface goes extremely

high [1]. Instances of surface discharge include discharges at the interface of bushings, cable

8
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bvbi2Kb- i?Bb bim/vi F2b /p Mi ;2 Q7 61 iQ BMp2biB; i2i?2S. T?22]

kXj S.J2+? MBbK

S'BQ iQ Q++m "2M+2 Q7 S.-i?2 2H2+i'B+ 7B2H/ Qm;?iiQ 2t+22/ i
BMBiB i2 i?2 2H2+i'QM p H M+?2X MQi?2 T '2°2[mBbBi2 Bb i? i |
2tBbi 7Q° BMBiB iBQM Q7 BQMBxX iBQM T Q+2bbX h?2b2 +QM/BiBQ
i?Bb b2+iBQMX
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6B:m 2 kXk, ai’2 K2 7Q K iBQM #2i2M irQ 2H2+i Q/2b

h?2 Q++m "2M+2 Bb ++QKT MB2/ #vi?2 KQp2K2Mi Q7 +? ;2/ T “iB+I
U6BKXKX h?2b2 +? “;2/ T iB+H2b "2 2bmHi2/ #vi?2 +QHHBbBQMb
M/ i?2 Qi?2° iQKbfKQH2+mH2bX AM ?B;?@BMi2MbBiv 2H2+i B+ -
+ M ++2H2  i2 M/ +QHHB/2rBi? Qi?2 T "iB+H2biQ 7m’i?2 T Q/m+
h?Bb T Q+2bb Bb + HH2/ 2H2+i'QM p H M+?22 M/+ M?2 TT2M QMHV r
"2 K2iX

PM+2 i?2 #Qp2 +QM/BiBQMb "2 K2i-i?2 /Bb+? ;2 i F2b TH +2 i?°
p Hm2 Q7 + pBiv +QM/m+iBpBivX h?2 HQr2 i?2 2H2+i B+ H "2bBbi |
i?72 2H2+i B+ 7B2H/ ;Q2b BMbB/2 i?2 + pBivX h?2 BQMBx iBQM i?
H2 p2b +? “;2/ T "iB+H2b QM i?2 + pBivbm'7 +2b Ui'm2 S. +? ";2V-
i?72 2H2+i"Q/2b U TT "2Mi S. +? ";2VX h?2 /Bb+? ;2 +QMiBMm2b iQ
T Q+2bb ? HibX h?2 BQMBx iBQM QMHV biQTb r?2M i?2 2H2+i"QMbD
+QHHB/2rBi? 7m i?2° iQKbfKQH2+mH2b M/ BQMBx2i?2KX h?2 2H?2
pHM+?2+ MMQHQM;2  ;"Qr Bb FMQrM b i?2 62tiBM+iBQM 2H2+i"
M/ 2tiBM+iBQM 7B2H/b + M HbQ #2 /2b+ B#2/ bi?2 TQi2MiB H /B7
7B2H/X
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KQM; i?2 irQ ivT2b Q7 +? ;2b i? i+ M #2 /2i2+i2/ 7Q° T 'iB H /B
TT "2Mi+? ;2 K ;MBim/2 Bb K2 bm™ #H2 b i?2 +m "2Mi THQrBM; i?
#2 K2 bm 2/ rBi?i?2iviB+ H2tT2 BK2Mi Hb2imTX h?2 K2 Bii? i;Qz:
Bbi? ii?2v+ M T QpB/2i?2 QTTQ imMBiviQ HbQ 2biBK i2 i?2 i 'm:
7 QK i?2 TT 2Mi +? ;2X

kX9 S. AM+2TiBQM M/ 1tiBM+iBQM

S./Q2b MQi +QKTH2i2HvV # B/;2 #2ir22M i?2 2H2+i Q/2bc ?2Qr2p?2
/IBb+? ;2 Q++m b BM i?2/272+ib Q" + pBiB2b rBi?BM i?2 BMbmH iB
QM+2 7°22 2H2+i"QM Bb T QpB/2/ M/ Bi Bb bm77B+B2MiHv 2M2";
KQH2+mH2b M/ + mb2bi?2 ; Qri? Q7 bi'2 K2 kXk /2KQMbi  i2/ BM 6

h?2°27Q°2- 7Q° #2BM: #H2 iQ +Q " 2+iHvV T 2/B+i i?2 iBK2 ir?B+?
2biBK iBQM Q7 2H2+i'B+ 7B2H/ K ;MBim/2 i r?B+? BQMBx iBQM T
+?7B2p2 bQ- + BiB+ H p H M+?2 + Bi2 ' BQWMi? bBMNAM bBn;{2bil22B
+ BiB+ HMmMK#2 Q7 2H2+i"QMb "2[mB 2/iQ ? p) b ARZ@QFHMHRQ BB
2[m iBQM 2tT 2bb2b i?2 bi'2 K2° BM+2TiBQM + Bi2 ' BQM,

=F UkXRYV

h?2 "2H iBQMb?BT #2ir22M S. BM+2TiBQM 7B2H/ M/ # 2 F/QrM + B
IBK2MbBQMH2bI-Ti? KBIR/2T2M/2Mi QM ; b 7TBHHBM; i?2 + pBiv- /B
M/ 1?22 1272+1 ;2QK2i vX Ai+ M#2 /27BM2/ 7Q" bT?2 B+ HpQB/ b

F=1+(DBW UkXkV
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r?2°R2- Md "2; b@ 2H i2/ +QMbi MibX h?2 Qi?2 T " K2N/pQR/: b T°
/B K2i2  BM i?2 /B 2+iBQM QA% +F;"QmM/ 7B2H/

PM2b?2QmH/MQi7Q :2ii?2BKT +iQ7 2MpB " QMK2Mi H+QM/BiBQMb
i?72 #°2 F/IQrM 7B2H/ Q&YB2H2+i B+b (

kX8 AMBIiB H 1H2+i"QM :2M2" iBQM

MQi?2  +QM/BiBQM7Q S. Q++m "2M+2Bbi? ii?2 2tBbi2M+2 Q7 BMI
T Q+2bb Kmbi #2 2Mbm 2/X h?2°'2 "2irQ T ' Q+2bb2b- pQHmMK2 BQM|
7Q°i?2 ;2M2° iBQM Q7 BMBiB H 2H2+i'QMb BM i?2 pQB/X 1 +? BM+
(99X h?mb- i?2 iQi H  i2 Q7 i?2 ;2M2° iBQM Q7 BMBiB H 2H2+i Q}

am 7 +2 1KBbbBQM

A .2i° TTBM; Q7 2H2+i'QMb 7°QK i?2bm 7 +2 Q7 i?2 BMbmH i
AA 1H2+i"QM 2KBbbBQM #v T?QiQ 2772+i 7°QK i?2 bm 7 +2 Q7
AAAIMH2 b?BM; 2H2+i"QMb #v BQM BKT +i
Ao 1H2+i'QM 2KBbbBQM #v T?QiQ 2772+i 7°QK i?2bm'7 +2 Q7
0 1H2+i'QM "2H2 b2 7°QK i?2 +QM/m+iQ  /m2iQ i?2 2H2+i B+

0QHMK2 AQMBX iBQM

0OA : b BQMBx iBQM #v B " /B iBQM Q7 2M2 ;2iB+ T?QiQMb
0AA .2i +?K2Mi Q7 2H2+i"QMb 7°QK M2; iBp2 BQMb /m2iQ 7B2H/
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2tT°2bb2/ bi?2 bmKK iBQM Q7 i?2 2H2+i"QM :2M2" iBQM " i2b /m2 |

I\l-tot (t) = I\l-surf (t) + I\l-vol (t) Uk Xj \

r?22 8 () Bbi?22 2H2+i°QM ;2M2° iBQM " i2 /m2 iNQuBtM[mM M2 RKBIDh B Q
i?2 +QMi"B#miBQM Q7 i?2 pQHmMK2 BQMBX iBQMX AM i?2 7TQHHQTE
“2 /2HBM?2 i2/ BM /2i BHX AM bm'7 +2 2KBbbBQM- 2H2+i"QMb 2 2

6B;m 2 kXj, AMBiB H2H2+i QM ;2M2" iBQM bQm +2b

K2+? MBbKb Ai? ' Qm;? 0X h?2 /QKBM iBM; K2+? MBbK Q7 bm 7 +2 2}
2H2+i"QMb ++mKmH i2/ QM i?2 pan-" 7?B2 DBLI72 POBI2Mi mTQM i?2 2
7B2H/ M/ i?2 i2KT2  im 2 BMbB/2 i?2 pQB/X h?mb- i?2 2H2+i"QM ;
bm 7 +2 2KBbbBQM T Q+2bb + M #2 7Bii2/iQ _B+? e/RekM@a+?QiiF\

q?BH2 bQK2 bim/B2b ? p2 M2:H2+i2/ i?2 +QMi ' B#miBQM Q7 pQHmK
S i2 Q7 2H2+i'QM ;2M2  iBQM +QKT " 2di€0bs- pPGRMRKSB BCBVQEK (iBQI
i?72 /QKBM Mi T°QpB/2 Q7 7°22 2H2+i'QMb BM bQK2 + b2bX h?2 2 K
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7°22 2H2+i"QMb + MMQi #2 bmTTHB2/ 7°QK bm'7 +2 2KBbbBQM K2-
i?72 7B bi S. 2p2MiX i1i?2 7B bi S. 2p2Mi- MQ 2H2+i QM Bb p BH #H
pQB/r HHc i?mb- pQHMK2 BQMBx iBQM TH vb bB;MB7B+ Mi QH2X
/m2 iQ pQHMK2 BQMBX iBQM Bb Km+? HQr2  i? M i?2 bm' 7 +2 2KBb&
BM+2TiBQM /2H v iBK2 #27Q°2 i?2 Q++m "2M+2 Q7 i?2 7B bi S.X oC
/m2iQ i?2B " /B iBQM Q7 2M2 :2iB+ T?QiQMb UK2+? MBbK 0AV Q"
7°QK M2; iBp2 BQMb UK29X MBbK 0AAV (

kXe S.J2KQ'v

h?2 +? “:2b "2K BM2/ 7°QK T 2pBQmb S. 2p2Mib /Q MQi H bi BM7BM
+? ;2b+ M ? p2 M BKT +i QM i?2 mT+QKBM; S. 2p2Mib BM irQ r vb
i?72 2H2+i"B+ 7B2H/ /Bbi'B#miBQM + Qbb i?2 + pBiv- M/ UkV i?2v
7Q° i?2 BMBiB H 2H2+i"QM ;2M2° iBQM i? i Bb Kmbi 7Q  i?2 M2ti S
S.2p2Mib K2KQ v rBHH 2K BM BM 2772+i mMiBH T2 BQ/ Q7 iBK2-
K2KQ voX

h?2 BKT +i Q7 S. K2KQ'v Bb K BMHv BM7HmM2M+2/ #v i?2 |2+ v i
+? ;2bX h?2°2 "2i? 22 K2+? MBbKb 7Q +? ;2 /2+ v,

URV aT +2 +? ;2 /2+ v i? " Qm;? K#BTQH " BQM /' B7i UkV am 7 +2
["B7i UjVam 7 +2 +? ;2 /2+ vi?2 Qm;?2 bm 7 +2 +QM/m+iBQM h?2 #
"Bb2iQ MQi?2 2H2+i'B+ 7B2H/ +QKTQM2Mi UBMi2 M H 7B2H/V Qi?
Bb/m2iQ i?2 TTHB2/ pQHi ;2 U2ti2™M H7B2H/VX h?2 BMi2™M H 7B
i?72 2ti2 M H7B2H/ Q pB+2 p2 b X .2T2M/BM; QM 2 +? Q7 i?2b2 b+
H:7Q i?2B;MBiBQM Q7 i?2 M2ti S. 2p2Mi + M #2 772+i2/X
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kXd amKK v

AM i?Bb +? Ti2 -i?2i?2Q B2b #2?BM/ S.r2 2 /Bb+mbb2/X AMi?2 7B
"2BMiTQ/m+2/ M/i?22t KTH2b Q7 2 +?ivT2r2°2# Qm;?iX h?2M- 7(
M HvbBbr2 2 "2pB2r2/ M/ i?2 [/p Mi ;2b M/ /Bb /p Mi ;2b Q7 2 +? K
h?2°2 7i2 - i?2 K2+? MBbK Q7 S. i?7° Qm;? i?2 +? M;2 BM i?2 p Hm2
rb/Bb+mbb2/X Air b b?QrM i? ii?2 irQ +QM/BiBQMb Kmbi #2 b iB
/IBb+? ;22X PM2 Bb i?2 2tBbhi2M+2 Q7 M BMBIiB H 7722 2H2+i QM
i?2°Qm;?bm 7 +2 2KBbbBQM Q pQHmMK2 BQMBx i BQMX h?2 b2+QM/
b?QmH/ ? p2bm77B+B2Mi2M2 ;viQ+ mb22H2+i QM p H M+?2X 6B
BMi " Q/m+2/X h?Bb 2772+i bBKTHv K2 Mbi? i S.2p2Mi i? i BM/m+
rHH M/ QM i?2 2H2+i Q/2b-+ M ? p2 M BKT +iQM i?2 mT+QKBM; S

AMi?2 M2ti+? Ti2 -i?2i?2Q B2b /Bb+mbb2/BMi?Bb +? Ti2 rBHH #.
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S.JQ/2HBM:

i XR ai'2 K2° AM+2TiBQM *'Bi2 BQM

6Q° S.iQ #2:BM- irQ +QM/BiBQMb b?QmH/ #2 K2ic 7B bi- i?2 2H2+
Qm:?i iQ 2t+22/i?2 S. BMERDN i BMYM ZBQM/IHV- i H2 bi QM2 7 22 2H2+
#2i?2°2iQ :Bp2 'Bb2iQi?2BQMBx iBQM T ' Q+2bbX h?2'27Q°2- M2
pPHM+?22 +' BReEX2BQM (

OX” [ECldx Ko UjXRV
(22 B(x) “2T 2b2Mib i?2 2H2+1'B+ 7B2H/ K :MBim/2 Kk @M;ip22 bi 2
HQ: "Bi?K Q7 2H2+i°QMb M22/2/ ii?2 p H M+22 22 /iQ ? p2 b2H"
bi M/b 7Q" i?2 2772+iBp2 hQrMb2M/ BQMBx 8 GB\b +722 A2 Bl+ B2 QI 7-
122 bi'2 K2 T iBR-ABR2( 7Q 2K2MiBQM2/ BM2[m HBiv Bb bBKTHB7B
+QM/BiBQMb 7Q° M 2HHBTbQB/ H pQB/,

6Q° M 2H2+i"QM ii +?BM; ; bUbm+? b ab6eV,

Rd



R3 +NzZy 1 kY T/ Kn27a0¢él

EInC

=(1+ Tap)(p)cr UjXkV

6Q° MQM@ ii +?BM: ; b Ubm+? b BV,

Einc _ (1+

D (2ap)”)( )cr UjXjVv

r?2'@Bb ; b T 2bbmBb M2~ /Bmb Q7 i?2 2HHBTbQB/ H pQB/ T ~ HH2
7B2BI/MAE)y "2 ; b@ 2H i2/ T * K2i2°b 7Q  i?2 BRBBX?BLBM M R QZb
K2'Bi 7Q i?2 ii +?BM; ; b MABIbY 2 7B+ @R N Q7

6Q° B -i?2p (I%)‘aZtM(B? 242VPalm ! MB6Pa¥? mt? X

iXk S. 1tiBM+iBQM

.Bb+? ;2 Q++m'bi?°"Qm;? M BM+'2 b2 BM i?2 + pBiv+QM/m+iBpBi
T QtBK i2HV X2 ' QViQ RQBu?2 MBEM2'2 b2BM +QM/m+iBpBiv 2bmHi
BMi?2 2H2+i B+ 7B2H/ BMi2MbBiv BMbB/2 i?2 + pBivX *QM/m+iBpE
i?72 2H2+i°'B+ 7TB2H/ "2+2/2b iQ +2 i BM K ;MBim/2- + HEHIKi?2 1tiB!
++Q /BM; iQ :mi7TH2Bb+? jMBR-BiZR2VR2i B+ 7B2H/ i r?B+? S. Bb |
+ M #2 /2b+ B#2/ b 7TmM+iBQM Q7 i?2 + BiB+ H2H2+i B+ 7B2H/,
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AM i?2 #Qp2 2tT BibbB@EK2MbBQMH2bb 7 +iQ  p "VBM; rBi? i?2 +?
TQH "BivXM #2 2biBK i2/ 2tT2 ' BK2Mi HHvX h?Bm+Q iR /i2ii2MQB K 2tb
i2KT2  im 2 M/ T 2bbm 2 ULIpSVoVERMPHMBGIMbHA2 p Hm2 T°QTQb2/ B
HBi2 im 2X

iXj AMBIiB H 1H2+i"QM :2M2" iBQM

h?2 Qi?2° +QM/BiBQM bB/2 7°QK bi'2 K2° BM+2TiBQM + Bi2 ' BQM T
H2 bi QM2 BMBiB H 7°22 2H2+i'QM M2+2bb v 7Q  /Bb+? :2iQ? T
/2H v Bb biBHH 2tT2+i2/ 2p2M QM+2 i?2 BM+2TiBQM 7B2H/ +QM/BiB

bK2MiBQM2/2 "HB2 - 7°222H2+i'QMBbM2+2bb "v7Q i?2/2p2HQ
hQ [m MiB7vi?Bb +QM/BiBQM- 7mM+iBQM Bb "2[mB 2/ r?B+? bi M/t
iBQMX :2M2° HHv bT2 FBM;-i?2°2 "2irQK BMbQm +2b 7Q T Q/m
0QHMK?2 ;2M2° iBQM- M/ bfB)X +2 2KBbbBQM (

AM i?2 + b2 Q7 pQHMK2 BQMBX iBQM- i?2 #2 K Q7 ?B;?HV@2M2 ;2
2H2+i"QMb HQM; rBi? i?2 2H2+i"QMb /2i +?2/ 7°QK M2; iBp2 BQM!
BKT +iX AM i?2 bm 7 +2 2KBbbBQM- i?2 + i?Q/B+ +QM/m+iQ b KB;?
/2i° TTBM; Q7 T 2pBQmb S. 2H2+i"QMb 7 QK i?2 BMbmH iQ  bm 7 +.

q?BH2 LB2K2v2  mb2/ i?2 #Qp2 T?vbB+ H T Q+2bb2b iQ /27BM2 i?
6Q bb@8kB- M/ H i2 AB&ENHMiBHBXx2/ bBKTHB7B2/ KQ/2H r?B+? [
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rBi? 2tT2 BK2Mi H/ i X

AM i?2 bBKTHB7B2/ 2T 2b2Mi iBQM- i?2 i QNuH)2H2G M QB il2 D7 i i BC
+QKTQM2MibX PM2 Bb i?2 2H2+i"QM ;2M2" iB QM4 (12 /M2 i®2bm 7 +
Qi?2  Bb i?2 2H2+i"QM ;2M2  iBQM " i2 MgA)Q pQHMK2 BQMBx iBQN

Niot (t) = Nsurr () + Nyoi(t) UjxX8vVv

iXjXR S?vbB+b@# b2/ 2T 2b2Mi iBQM

Cam 7 +2 1KBbbBQM
AM bm' 7 +2 2KBbbBQM- 2H2+i"QMb ‘2 2KBii2/ 7°QK i?2 pQB/
i2°Qm:? 0 K2MiBQM2/ kBB &2R2iBQWBM iBM; K2+? MBbK Q7 bm'7
bBQM Bb i?2/2i° TTBM; Q7 2H2+i'QMb ++mKmH y2/ QBHZBbm" 7
[2T2M/2Mi mTQM i?2 2H2+i B+ 7B2H/ M/ i?2 i2KT2 im 2 BMbB/:
i"QM ;2M2° iBQM " i2/m2iQ i?2 bm Nt KBbil2B QM_B P+ 2/thiQ M @
a+?QiiFv b+ HBMj9-BE2M,#v (

eEcav (1)
4 o

Nsurf (t) = Nsurt o eXp( KT

) UjXeV

r?2°2 108 10%s ! (9) Bb i?2 7mM/ K2Mi H T?QMQM 7 2[m2M+v Q
U7Q  2TQtve 2h@% ! 8RVX h?2 2772+iBp2 /2i° TTBM; rQ ' F 7mM
Ki2'B HBbeBMnMBibe BW i?2 2H2K2Mi v +? ;2 Q7 i?2 2H2+i QN
7 +2 2KBbbBQM " i2 + M b2MbBiBp2HvV +? M;2 rRiHNXEHT2+i iQ |
Bb i?2 2H2+i'B+ 7B2H/ BMi2MbBiv BMbB/2 i?2 pQB/ /m2 iQ bm"7
0=8:85410 2Fxm ! Bb i?2 p +mmK T2KkKBi6BEBO%VK ! Bb "QHix@

K MM6b +QMbT MBib iM¥ #bQHmMi2 i2MF2Bbhm?22XmK#2° Q7 2H2+i
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p BH #H2 iQ #2 /2i° TT2/ 7°QK i?2 pQB/ bm 7dy2BiQ bhi?B@2ti S
bmK2/i? i i?2 iQi Hi'm2 T?vbB+ H +? *:2qQ% M A TiBpBQnid BM
i?72 /2i° TTBM; K2+? MBbMNKgM/7-bi ?Mb-QtBK ige¥v>Qr2p2 - Bi

rb bbmK2[B8R(i? i i?Bb MMK#2  Bb 772+i2/ #virQ 7 +iQ b /2H!
h?2 7B bi 7 +iQ - FMQrM b i?2 T QTVQ /iBIQMBHBbVi?2+7Q +UBQM Q
+2 22+ °B2°bi? i "2bmHi BM i?2 +°2 iBQM Q7 /2i° TT #H2 2H2.
Q7 i?Bb 7 +iQ /RMQIRbD ;IBp2M #v

Nyt o = g Ujxdv

r?2 2< 1X AM 6BXRIZ2 KQp2K2Mi Q7 +? ;2/ T 'iB+H2b Bb b?Qr
IB772°2Mi +QM/BiBQMbX h?2 2H2+i B+ 7B 2Bi()V2Bil) QM2 QTHB
i22irQ +QKTQM2Mib Q7 i?2 2H2+i B+ 7B2H/ BMbB/2 i?2 pQB/X :
T2 KBiiBpBivQ7i?2; bBMbB/2i?2pQB/i? Mi? iQ7i?2bQHB//B
Eap(t) Bb KmMHIBTHB2/ #v M 2M?fM+2KZMiMiBi7/®@B20 i?2 BMi2MbB7E
Eap(t) BMbB/2 i?2 pQB/X h?2X /2BBB BRQRQFMbb2/ H i2° BM URdVX
fE app(t) -i?2 2H2+i"B+ 7B2H/ BMbB/2 i?2 pQB/ BM+HMERD-MQi?2" -
r?B+? Bb i?2 2H2+i B+ 7B2H/ /m2 iQ bm 7 +2 +? ";2b "2K BMBM;
7°QK i?2 T'2pBQmb S. 2p2MibX h?2 bmKK iBQM Q7 i?2b2 irQ +Q
2H2+i'B+ 7B2H/ K ;MBim/E.RMNVNEK/ 2?22 pRBMUBi- iBQM Q7 i?2 KQr
Q7 +? ;2/ T "iB+H2b BM i?2 pQB/ r?2M i?2 /B 2+iBQM Q7 i?2 21
+QMb2+miBp2 S.b U V /Q2b MQi +? M;2- JJHRVi?2 M; 20 BOW 6B7;
Eap(t) 2K BMb +QMbi Mi #2ir22MirQ +QMb2+miBp2 S.b M/ i?2 +?
BMi?2 QTTQbBi2 /B 2+iBQMX PM i?2 Qi?2 T, Ml +?2M;2D2 /B 2
#2ir22M irQ +QMb2+miBp2 S. 2p2Mib-i?2 /B 2+iBQMb Q7 i?2irQ
#2 i?2 b K2X h?mb-i?2 TQbBiBp2 BQMb M/ 2H2+i QDNRVXTT Q +°
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6B;:m 2 jXR, JQp2K2Mi Q7 T "iB+H2b r?2M U V TQH "Biv /Q2b MQi
+?2 M;2bX

.m2 iQ i?2 M2mi> HBx iBQM Q7 i?2 +? ;2/ T "iB+H2b- i?2 MmK#
7Q i?2mT+QKBM; S. 2p2Mi Bb "2/ m+2/X h?2°27Q°2- ;HQ# Hp
Biv7 +i§°KUv MQi T'QpB/2 M ++m” i2 2tTH M iBQM 7Q" " i?2 2biE
TQH "Biv Q7 2H2+i B+ 7TB2H/ +? M;2b #2ir22M irQ +QMb2+miBp2
TBM; K2+? MBbK Bb Km+? KQ 2 /B77B+mHi 7' QK M2; iBp2Hv +
i?72 + b2 Q7 TQbBiIBp2Hv +? ";2/ QM2X hQ /BbiBMMIBb? i?2b2
"2 /27BM2/ 7Q° TQbBiBp2Hv M/ M2; iBp2Hv +? “:2/ pQB/ bm'7
b2+QM/ 7 +iNgfe? BH2+i"QMb "2 2tT2+i2/iQ ++mKmH i2 QM i?2
Bb HbQ 2tT2+i2/i? ii?2b2 2H2+i QMb /2+ v/m BM; i?2 iBK2 BN\
h?2 /2+ v T 'Q+2bb2b K v+ mb2 i?2 2H2+i'"QMb BM i?2 b? HHQr i
QM2b- 7' QK r?B+? Bi Bb p2'v? /iQ #2 /2i° TT2/X h?2 2H2+i Q
BM +iBp2 BMS. B;MBIBQM #v /IB77mbBM; BMiQ i?2 /2Ti? Q7 BMb
i?2 BM7HM2M+2 Q7 iRirBb7; B-pQ M-8W (

Nsurf = Nsurfoexp( ) UjX3V

decay
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r?22Bb i?72iBK2T bb2/ 7 QK i?2 H hinoBBp2Mi2M/v 2772+iBp2iB
+QMbi MiX

C 0QHMK2 AQMBxX iBQM

g?BH2 bQK2 bim/B2b ? p2 M2;H2+i2/ i?2 +QMi B#miBQM Q7 pQ
HQr2' " i2 Q7 2H2+i'QM ;2M2" iBQM +QKT8d20iePIbpQHmME2KBDb
BQMBx iBQMBbi?2/QKBM MiT QpB/2 Q77 222H2+i"QMb BM b
iBK2b ir?B+? 7 °222H2+i'QMb + MMQi#2bmTTHB2/ 7' QKbm 7 +
b Bbi?2+ b2 Q7 i?2 7B bi S. 2p2MiX ii?2 7B bi S. 2p2Mi- MQ 2
#2 /2i° TT2/ 7°QK i?2 pQB/ r HHc i?mb- pQHMK2 BQMBx iBQM T}
i?72° i2 Q7 2H2+i"QM ;2M2" iBQM /m2iQ pQHMK2 BQMBxX iBQM B!
2KBbbBQM- i?2°2 Bb +QMbB/2° #H2 BM+2TiBQM /2H v iBK2 #
7B bi S.X 0QHMK2 BQMBX iBQM KB;?i Q++m" /m2 iQ i?2 B " /B |
UK2+? MBbK 0AV Q' 7B2H/ /2i +?K2Mi Q7 2H2+i'QMb 7 QK M2; i
(99X h?22 2H2+i'QM ;2M2" iBQM " i2 /m2 NI W@bmMRX B MB/X#\B Q
B /B iBQM Q7 2M27;2iB+ T?QiQMb MJ-e¢yM #2 + H+mH i2/ b (

I\l-vol = Crad rad (B)O p Veff U j XNV

r?22°Ca Bb T ° K2i2° 7Q° KQ/2HBM:; i?2 BMi2® +iBQM #2ir22M

/B iBQMBb i?2[m MimK 7Hmt /2MbBiv Q7 i?2 /B iBQM U i iKC(
Ciad rad = 2“10°kg s *'V- N/p)=10 Skgm 3Pa ! Bb i?2 T°2bbm 2 “2/m+2
/2MbBiv Q7 i?2 : bX.a?2i iR/K 7Q° i?2 pQB/ pQHMK2X 6Q° M 2HH
Bi2[mabb.3r?2 &b- Md "2i?2 t2b Q71?2 2HHBTphPB/MHQpPpTLB/X AN
i2°K + HH2/ i?2 G2;H2ZL TmMW+iBE@MiBOHB2b i?72 B;?2i@? M/ bB/~
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+QMbB/2°b i?2 T Q# #BHBiv i? i i?2 2H2+i'QM + M H2 / iQ M 2
T K2i2bM/ bi M/ 7Q  i?2 ;: b ii +?K2Mi +Q277B+B2Mi M/ i?2
+Q277B+B2Mi- "2bT2+iBp2HvX AM i?2 S. F2r2B@ K XMRADb-iMd m |
G2;H2  7mM+iBQM +HQDb2 iQ mMBivX >Qr2p2'- b i?2 r?2QH2 2H
Hi2 #2 2KTHQV2/iQ 7BM/ i?2 T Q# #BHBiv Q7 S. Q++m "2M+2-
iQ BMpQHPpP2i?2 G2;H2  7mM+iBQM iQ 2p Hm i2i?2 T Q# #BHBiv

jXjXk 1tT2'BK2Mi H@# b2/ 2T 2b2Mi iBQM

bi?2i?2Q 2iB+ H@# b2/ 7Q KmH iBQMb Q7 2H2+i'QM ;2M2" iBQM
\\ "2[mB 2 bQK2 T?vbB+ H T " K2i2'bi? i 2 MQi rB/2Hv p BH #H2-
KQ/2H ? b #22M BMieQeéBe@eBM@® b2/ QM /DmbiK2Mi Q7 i?2 2tT2 B
"2bmHibX "v M2;H2+iBM; i?2 +QMi ' B#miBQM Q7 pQHMK2 BQMBX iE
M () 6V r b KQ/2HB/, b (

Ecav(t). .
Nt (1) = Nes expt —2 UIXRYV
Inc

72 s Bb +QMBinyM)iBb i?2 2H2+i B+ 7B2H/ BMi2MbEBiy BMDB22 i?2 |
BM+2TiBQM 7B2H/ 7Q  /Bb+? “;2X KQ 2 bQT?BbiB+ i2/ KQ/2H i FI
T°Q+2bb2b BMiQ ++QmMia9edé@dmRb2/ BM (

N—tot(t) = N-surf (t) + NvoI U j XRRYV

r?2 B Bb +QMbi Mi 2T 2b2MiBM; i?2 +QMi B#miBQM Q7 pQHMK?
:2M2° iBQM " i2 /m2iQ bmNZ: 2 BKBbbhBRM iQ #2 T'QTQ iBQM H iQ
+? ;2K ;MBim/2 Q7 T 2pBQmb 2p2Mib bBM+2 i?2v "2i?2 "2bQm +2
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pQB/ bm 7 +ANXHImbM #2 + H+mH 92/ #v (

E . .
CaV(t)j) exp( ﬂ) UjXRKkV
Einc decay

Nsurr (t) = Npp exp(j

r?2°2i?2 7B bi 2tTQM2MiB Hi2'K +QMbB/2'bi?2 2772+i Q7 i?2 2H2-
2T 2b2Mib i?2 /2+ v Q7 S. +? :2b #v iBK2 ®p2X Bib2 B+ +Hm "2M + 2
K ;MBim/2 Bb KQ/2H2/ b,

.E t )
Npp = Nesol—caég F)D)J
Inc

UjXRjV

72 Reo Bb bbmK2/iQ #2 i?2 BM+BTB2Mi MmK#2 Q7 2H2+i'QMb ii?
BMbB/2 i?2 pQB/ "2 +?2b i? E,BXI +H272 B-QW KB BN - M /gecay 2
/2i2 ° KBM2/ BM rviQ? p2 M ++2Ti #H2 H2p2H Q7 ;' 22K2Mi rBi? 2

iXjXj S Q# #BHBiv Q7 S. Q++m "2M+2

h?2 H bi bi2T iQ 2Mbm"2 i?2 BMBiB H 2H2+i'QM p BH #BHBiv Bb i
BMiQ ++QmMiX 6B biHv- i2 +? iBK2 bi2T-i?2 T ' Q# #BHBily Q7 7 :
2biBK i2ie@,

tpp *+t
P(t)=1 Niot (D) dC UjXROV

tpp

h?2°2 7i2°-i?22 T°Q# #BHBiv Bb +QKT "R ¥Qir2 W QE RmM#HMBivX
P>R-i?22H2+i'QM p BH #BHBiv ii?2 +2°i BMiBK2 bi2T Bb +QM7B’
Bb //2/iQ i?2 bi iBbiB+ HiBK2 H : #27Q°2S. Q++m "2M+2X
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iX9 S.h MbB2Mi ai i2

jX9XR *QM/m+iBp2 ai i2 Q7 S.

PM+2 i?2 #Qp2 S. T°'2'2[mBbBi2b "2 K2i-i?2 Q++m "2M+2 Q7 S. +
+ pBiv7 QK MQM@+QM/m+iBM; iQ +QM/m+iBM;:X AM i?2 61 KQ/2H-
MBM+ 2 b2 BM i?2 +QM/m+iBpBiv Q7 i?2 pQbB/ i QK tiB Brivik H32 pi2p +
Ucavmax VX h?2 BM+'2 b2 BM i?2 pQB/ +QM/m+iBpBiv + mb2b pQHi ;:
r2HH b 7B2H/ 2/m+iBQM BMbB/2i?2 pQB/X h?2 /Bb+? ;2 +QMiBM
2H2+i'B+ 7B2H/ ir?B+? i?2BQMBx iBQM + MMQi ;Q Mv 7m i?2 X
+QM/m+iBpBivQ7i?2pQB/Bb 2im"M2/iQ BibBMBiB Hp Hm2X >Qr2
pQB/r HH + M ?2HT iQ ++2H2 i2i?2? TT2MBM; Q7 i?2 M2ti S. 2p2
T?vbB+ H M/ TT "2Mi +? ;2 K ;MBim/2- M TT QT B i2 iBK2@p v
2 bHQrp Hm2 #27Q°2S. Q++m "2M+2 M/ 'Bb2biQ ?B;?2 p Hm2 /m
#2 /27BM2/X h?Bb Bb + m+B H7Q i?2 2biBK iBQM Q7 +m "2Mi /2Mb
bm 7 +2 bBM+2 +m " "2Mi /2MbBiv Bb i?2 T °~ K2i2" mb2/ BM + H+mH i
+? ;2 K ;MBim/RpBb /27BM2/ bdBQHHQrb (

e °N :
cav;max — m(:ee UjXR8V
e
q?2 2,
Ne=4/g“""exr3 UjXReV

q?2°@ Bb i?2 i?2 K H p2HQBBIV22MH2+i'QM K2 MBb22+Q27XB+B2Mi
“2H i2/iQ i?2 2H2+i'QM 2M2 ;v /Bbi'B#miBQMBMi?i2 2 KWBiM 7 /BMD |
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reB2Mimg "2 i?2 2H2K2Mi "v +? ;2 M/ K blgmy BT 2242 BXp EBIK X K
T?vbB+ H+? ;2 KQmMiX Ai+ M Q#i BM2/ 8, bT?2°'B+ H+ pBiv &b

Onax

=2 UjXRdV
Omnin

r?2 2,

B .
+ U XR3V
L J

- _0 E 2
Omin = 2 (2, +1) p)crpI [1

Bb i?2 Qp2 pQHi ;2 " iBQ Ui?2 TTHB2/ pQHi ;2 iRbiP22BMBRTB/QM
bi'2 K2° 7B2H/iQ +'BiB+ H7B2H/r?B+? Bb "QmM/ yXk7Q" B r?2|
pQHI ;2X

JX9Xk *? ;2 * H+mH iBQM

gBi? i?72 B/ Q7 61 - i?2 2H2+i B+ H T " K2i2 'b- bm+? b 7B2H/ /Bb
/[2MbBiv Qp2" /B772 2Mi T "ib Q7 i?2 bvbi2K- + M #2 ++2bb2/X h”
2t KBM2 i?2 +? M;2b BM i?2 2H2+i'B+ H+? ~ +i2 ' BbiB+b Q7 S. T?2N
7i2° Bib Q++m "2M+2X h? MFb iQ i?2 T'BpBH2;2 Q7 61 -i?2 K ;MB
+? ;2b "2H i2/iQ2 +?S.2p2Mi+ M#2 Q#i BM2/i? Qm;?i?2iBK2 BM
THQrBM; i?2°Qm;? i?2 pQB/ bm 7 +2 M/ 2H2+i Q/2- "2bT2+iBp2Hv /m

Text
Grue = J(t):dSdt UjXRNV

tinc Scav

text
Ghpp = J(t):dSdt UjxXkyV

tinc SElectr
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AMi?2 #Qp2 2[Xt)iBRMR-+m "2Mi /2MbBiv Qp2 " 2Bi?2XRQR pA2B/ bm
2H2+i " Qj2kBMQ " i?72 + H+mH iBQM Q7 i m2 TT "2Mi +? ;2-i?2 +m~
? H7@ 2 Q7 i?2 pQB/ Bb BMi2; i2/ #2ir22M i?2 BM+2TiBQM M/ 2
T Q+2/m* 2 Bb "2T2 i2/ 7Q  i?2 TT "2Mi +? “;2c ?Qr2p2 - BM i?Bb +
"QmM/ 2H2+i'Q/2 Bb mb2/ 7Q" /2°Bp iBOQM Q7 +? “;2 K ;MBim/2X

jX8 *? “:2 2+ v

h?2 T°Q/m+2/ +? ;2b /m BM; S. KB;?i/2+ vi?"Qm;? p BQmbr vb
+? ;2 M2mi® HBx iBQM- M/ bm 7 +2 +QM/m+iBQM r?B+? mbm HHv
+QM/m+iBpBbvbi QM;HV /2T2M/2Mi QM i2KT2  im 2 M/ i?2 2H2+i B+
1?72 + pRIYX(6Q° +QMbi Mii2KT2 im 2-Bi+ M#2 /27BM2/ b,

s(t) = sOexp( jEcav(t)j) U j XkRV

q?2 2 Bbi?2BMBiB Hbm 7 %26®\W m#+iBWBilvi?22bm 7 +2 +QM/m+iB
+Q277B +BamkvUl V X

bK2MiBQM2/2 "HB2 -i?2 KQmMiQ7 +? “;2b ++mKmH i2/ QM i?2 pC
/Im BM; 2H2+i QM p H M+?2-i?2 MmMK#2 Q7 2H2+i QMb BM+ 2 b2b-
rBHH /2+ v #2ir22M S. 2p2MjpbiXBAM b 2BHB@KMb2/ ?2Qr iQ +QMbB/2" i?:
Q7 bm 7 +2 +? ;2 /2+ v QM i?2 2H2+i QM ;2M2" iBQM " i2X >Qr2p2
+QMi'B#miBQM Q7 bm 7 +2 +? ;2 /2+ vb?2QmH/ HbQ #2 BMpQHp2/E
h?2i° TT2/ +? “;2b + M ?QT BMiQ /22T2  i° Th-r?B+? K F2b Bi ? /2
7Q S.B;MBiIiBQM-v2ii?2vi F2T 'iBMi?2TQi2MIiBEBHX/BAH2Z212QIMB +
Kv HbQ /2+ vi? " Qm;? /IB77mbBM; BMiQ i?2 /2Ti?8Q7ri?PR+BMbMH iB



kYOY +Nz 19 /T«z- k N

772+ii?2 +? ;2 /2MbBivQMi?2pQB/bm 7 +2X hQ KQ/2H i?2/2+ v
+ M#2 /Dmbie§X AM (;2@/2T2M/2Mi KQ/2HBb T QTQb2/7Q bm 7 +
bm 7 +2 +QM/m+iBpBiv Bb bbB;Ma/ VM PMBIBiP2p2HRARIWB+ +? ;2 Q
pQB/ bm 7 +2 2t+22/b + &\B+iH2 KRNMVH2AU+QM/m+iBpBiv rBHH #2 2
?B;?2 p Em2MX A7 01?2 +? ;2K ;MBingt2 7 BIMIDi22H@r7 +2 +QM/m+iE
rBHH #2 2@ bbB;M2/ Bih.BVBiRYH(p7HBAR @ /2T2M/2Mi bm 7 +2 +QN\
7Q KmH r b BMi'Q/m+2/X am 7(} ¥ BOM/ 2 biBlpBiQK BibBWIBIB H p
?B;?2  p Hm2-r?B+? Bb ;Bp2M #v 7B2HE@/2T2M/2Mi 7Q KmH iBQ

s(t) = soeXp( jEcav(1))) UjXkkV

r?2°2 Bb i?2 bi'2bb +Q2767B +BR MBX mAMMp( H@n 2 i@ K i2/ i2 °Qm;? i?2
2tT2 ' BK2Mi H/ i M/ ;Bpei #vmfX/ iQ pQB/ +QMp2 :2M+2 T ' Q#H2K

smax = €XP( JEapp(1)j) UjXkjV

r?2°2 M/ r2°22tT2 ' BK2Mi HHv /2i2 "' KBM2/X >Qr2p2 - T 2 2[mBbBi
7Q°KmH BbiQ 2Mbm 2 i?2 2tBbi2M+2 Q7 7°22 bm 7 +2 +?2 “:2b ii?2
pQB/ bm 7 +2 "2 ;°QmT2/ BMiQ irQ ivT2b, i?2 7B bi ;"QmT +QMbBbi
i?72 pQB/ bm 7 +2-r?B+?r b /Bb+mbb2/ #27Q 2- M/ i?2 Qi?2 ivT2 BI
b K2 "2 X h?2 722 +? ;2b+ M #2 TT QtBK i2/ #v i?2 BMi2; iBQM
Qp2 i?2mTT2 Q HQr2SpB/bm 7 +2 U

z
Gree () = D(t):dS UjXk9V

Svoid

h?2M-i?2 K ;MBim/2 Q7 i?2 2H2+i B+ 7B2H/ /m2 i EiRBbO Y2+ "M/ ;" Qr



jy +Nzy 1 kY T/ KA2qa0¢€i
#2 + H+mH i2/ #v,

qree (t)

Esitree (t) = ]
sitree () JCpD;total ()

Eint (1)] UjXk8V

(22 @omom Bbi?2iQi H KQmMi Q7 i'm2 +? *:2 Q"B:BM iBM; 7°QK i?2
T2M2/bQ 7 "X b b22jMBM26BH@+2 B+ 7B2H/ EMMBY 2+ QR pREOWD 7 irQ
+QKTQM2Mib, URV i?2 2H2+i B+ 7B2H/ fEg (/i A2/ UKW B2Z AE B+ B
7B2H/ /Im2 iQ i?2 bm E,QWR h?22 2J7Q 2-i?2 2H2+i B+ 7TB2H/ /m2 iQ |
+ M #2 Q#i BM2/ b 7QHHOQrb,

Eint (1) = Ecav(t) fE app(t) UjXkeV

7?22 Bb i?2 2M? M+2K2Mi 7 +iQ - r?B+? i F2b BMiQ ++QmMi i?2 Bl
QM i?2 BM+ 2 b2 BM i?2 2H2+i'B+ 7B2H/ K ;MBim/2 ii?2 HQ+ iBQM
fE app(t) Bb i?2 2H2+i"B+ 7B2H/ i i?2 HQ+ iBQM Q7 i?2 pQB/BM i?2 #t
+ M #2 Q#i BM2/ 7°QK i?2 7QHBHQrBM; 2[m iBQM (

Kr .
f= ——MMM UjXkdV
1+(K 1), :
r?2°'R Bb ;2QK2i'B+ HT * K2i®@§,;Bp2M #v (
8
§ 1 ab 1
K=§3 alb=1
fa 1<alb<10
re2°'2 Mb "2i?2 2HHBTbQB/ t2b T °~ HH2H M/ T2 T2M/B+mH - "2tk

CQmM/ 7B2HI/X



kYfy aiin O Ne iR
jXe H;Q Bi?K

b/Bb+HQb2/ 2 "HB2 -i?2 2H2+i'B+ 7B2H/ BMi2MbBivTH vb K DQ"
KQ/2HBM;X h?2°27Q°2- M ++m" i2 2biBK iBQM Q7 i?2 2H2+i B+ 7
i?72 r?2QH2 T°Q+2bbX AM i?Bb “2; /- i?2 +m " 2Mi bim/v 2KTHQvb 61
Q7 i?2 7TBMBi2@2H2K2Mi K2i?Q/iQ ++m’ i2Hv 2biBK i2 i?2 2H2+i B
B 7BHH2/@+ pBiv- /B2H2+i B+ bvbi2KX

AMi?BbrQ F-*PJaPG JmHiBT?vbB+b Bb mb2/iQ BKTH2K2Mi 61 X J t
rBi? *PJaPG iQ KQ/2H i?2 Qi?2 T “ib Q7 i?2 H;Q Bi?K bm+? b +2?2
T 2 2[mBbBi2b M/ + H+mH iBM; i?2i'm2 M/ TT “2Mi +? ;2 K ;MBir

hQ + H+mH i2 i?2 i'"m2 M/ TT "2Mi +? ;2 K :MBim/2b-i?2 H;Q Bi?
Tmib Q7 *PJaPG-r?B+? Bb i?2 +m "2Mi /2MbBiv 7HQrBM; i? ' Qm;? i?
2H2+i°Q/2X h?2M- #v BMi2;  iBM; i?2 +m "2Mi /2MbBiv Qp2  iBK2- b
'QBM; iQ 2tiBM+iBQM- i?2 +? “;2 K ;MBim/2b "2 Q#i BM2/X

g?2M S.Q++m b-BiBb ++QKT MB2/#v M 2M? M+2K2MiBM + pBiv
+ mb2b /2+HBM2 BM 2H2+i B+ 7B2H/ + Qbb i?2 + pBivX hQ KQ/2H
irQS. T '2°2[mBbBi2b "2 K2i-i?2pQB/+QM/m+iBpBiv ' Bb2b 7 QK i?2
iQ ?B;?2  p VX

6m i?2°KQ 2- i?2 +? “;2b ++mKmH i2/ QM i?2 + pBivr HH /Q MQi |
/12+ v T Q+2bb Q++m b #v i?2 +? ;2b KQpBM; 7 QK b? HHQr i TbiQ
+QM/m+iBQM HQM; +pBittdIn/Z++2 (i2 Bb 7mM+iBQM Q7 i?2 KQm
++mKmH i2/ Qp2 i?2 + pBivr HHX h?2 /2+ v T Q+2bb + M #2 KQ/2F
+'BiB+ Hp Hm2 7Q " i?2 KQmMi QNVRBRDIBIXK +MBi@a/@2 Q7 T?vbB+ H
QM i?2 bm 7 +2 ;Q2b #Qp2 i?Bb p Hm2-i?2 +QM/m+iBpBiv Q7 + pB
iQsutv (€3IX h?Bb i° MbBIiBQM "2/m+2b i?2 ++mKmH iBQM Q7 bm’7
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+QM/m+iBpBiv 2K BMb ii?2 ?B;? H2p2H mMiBH i?2 KQmMi Q7 +?
H2p2HX b b22M- i?2 +? ;2 K ;MBim/2 Bb "2[mB 2/ [m MiBiv BM i
TT Q +?-i?2 +? ;2 K ;MBim/2 + M #2 2 bBHv Q#i BM2/ #v BMi2; |
Qp2 i?2bm'7 +2 "2 X

6B;m 2 jXk, S. KQ/2HBM; 7HQr+? “iX

h?2 S. KQ/2HBM; T'Q+2bb Bb b?Qri2{Xmaii2  HB/MB M 6B X?2 #2;BMMB
i?72 T2 'BQ/- i?2 2H2+i'B+ 7B2H/ /Bbi'B#miBQM Bb Q#i BM2/ #v 61
Q++m 2M+2 "2[mB 2K2Mib UBX2X bi'2 K2 BM+2TiBQM + Bi2 ' BQM
2H2+i"QMVX h?2 T°Q+2bb //b iBK2 bi2TiQ i?2 iBK2 mMiBH "2 +2?B
+QM/BiBQMb 2 K2i Q" i?2 T°Q+2bb "2 +?22b i?2 2M/ Q7 iBK2 T2 B(
Q++m "2M+2 Q7 S. Bb +QM7B K2/- i?2 +QM/m+iBpBiB2b Q7 + pBiv
2tTH BM2/2 "HB2 BM i?Bb +? Ti2 "X AMi?2 M2ti iBK2 bi2Th-i?2S. 2
"MMMBM; 61 X b /2KQMbijXi2/bBN26B B #H2 Bb mb2/iQ KQ/2H i?2 i
#2ir22M MQ@S. Ubi i24yV- M/ /m BM;@S. Ubi i24RV T2 BQ/bX h?
/m BM: i?Bb H:Q'Bi?K K vp' v ++Q /BM: iQ i?2 bi i2X b i?2 +? M
Q /2 Q7 M MQ@b2+QM/b- i?2 iBK2VbBDTK/IMEBMKSHHR  i? M i?2 iBK2
/mBM; MQ@%.T2 BQ/X



kYeY b eéz - j]
jXd amKK v

AMi?2 7B bib2+iBQM-i?2bi'2 K2°BM+2TiBQM + Bi2 ' BQMr b 2t KB
7B bi +QM/BiBQM 7Q° S. Q++m "2M+2X h?2M-i?2 BMBiB H 2H2+i Q|
Hi2/ mbBM; p "BQmb KQ/2HbX h?2 LB2K2v2  "2T 2b2Mi iBQM Q7 i?
+QMbBbib Q7 irQ K BM 2bQm +2b, URVbm 7 +2 2KBbbBQM i? Qm;?
TQ'2b Q7 i?2 + pBivr HHX h?2b2 2H2+i"QMb "2 i  TT2/ 7i2 i?2 ++
UKV pQHMK2 BQMBX iBQM r?B+? Q++m'b 7i2° B " /B iBQM Q7 2M?
KQH2+mH2bX h?Bb T°Q+2bb Bb /QKBM Mi QMHV r?2M i?2 bm 7 +2 21
Ubm+? bi?2+ b2Q7i?27B biS.2p2Mir?2°2MQ T BQ /Bb+? “;2b?
LB2K2v2 2T 2b2Mi iBQM- 6Q bb2M M/ AHHB b HbQ T'QTQb2/ bBK
2° iBQM " i2# b2/ QM 2tT2 BK2Mi H "2bmHibX 6Q bb2M M2;H2+i2/ i
iQi H2H2+i'QM ;2M2" iBQM M/ 2tT 2bb2/iQi H2H2+i'QM ;2M2" iB(
Q7 2H2+i B+ 7B2H/ K ;MBim/2X PM i?2 Qi?2  ? M/- AHHB b mb2/ bB
BM ?Bb KQ/2H- 22 +QMbB/2°2/i?2 pQHMK2 BQMBxX iBQM b +QMbi
2M2° iBQM " i2X 7i2 i? i-i?2 +? :2/2+ vT Q+2bbr b 7Q KmH i2/
7B2H/ iQ 2T 2b2Mi i?2 K2KQ v 2772+iX 6BM HHv- M H;Q Bi?K m
T Q+2bb2br b /2p2HQT2/X

AM i?2 M2ti +? Ti2 -i?2 MmK2'B+ Hbim/B2b 7Q irQ + b2 bim/B2b Q
"Bi?Kr b TTHB2/ rBHH #2 T 2b2Mi2/X



*?2 Ti2 9

LmK2 B+ H 2bmHib

9XR * b2 aim/B2b

O9XRXR * b2 R,

h?2 ;2QK2i'v +QMbB/2°2/ 7Q" KQ/2HBM; M/ bBKmH iB@MbbBb i?2 b
b?QrM BMIGERAI Bb +VHBM/ B+ H #HQ+F5QV 2BiQtvbIBBMBY H + pBi

6B:m 2 9XR, j. 2T 2b2Mi iBQM Q7 Rbi + b2 bim/vX
BMbB/2 BiX h?2 ;2QK2i'B+ HT > K2i2'b Q7 i?2 pQB/@/B2MR2+i B+ |
HbQ-i?2 T°QT2 iB2b Q7 i?2 TTHB2/ pQHi ;29X%&2 bmKK “Bx2/ BM h #

.m2iQ i?2 tB H bvKK2i'v Q7 i?2 +QM7B:m  iBQM- k. tBbvKK2i B+
*PJaPG JmMHIiBT?2vbB+b UBDXBXM®O M GB;/Xi2 Qm 61 KQ/2H /2p2HQT2/

i9
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h #H2 9XR, :2QK2i'B+ HS * K2i2'b Q7 Rbi * b2

S " K2i2° 0 Hm?2
.B2H2+i"B+ h?B+FM2bBmm
.B2H2+i B+ _ /Bmb 5mm

* pBiv.B K2i2° 1.2 mm
* pBivam 7 +2 h?B+FM2Bbhm

6B;m 2 9Xk, k. 2T 2b2Mi iBQM Q7 Rbi + b2 bim/vX

aPG JmHiIiBT?vbB+b- 7B bi- i?2 bBKmH kB QW /2 18N i tM/BOAD) "i2/ BM (
bBMmMbQB/ HpQHi ;2r2°2 2T Q/m+2/X h?2M-i?2 TTHB2/ pQHi ;2r
rBi? i?72 bT2+B7B+ iBQMB XB8'M2bBHWKB¥H2?2 /miv +v+Ui g iBb#2 8y W-
+ H+mH i2/ BM rvi? ii?2 _Jap Hm2 Q7 i?2b[m "2r p2Bb2[m HIiQ
PQHI ;2 +QMbBYREX2hBM/Ri BHb M/ 2T 2b2Mi iBQM Q7 i?2 K2b? ‘2
9XjM/ 6B9X| 2bT2+iBp2HVvX

6BM HHv-i?2 T " K2i2 b "2H i2/iQ i?2 /IB2H2+i B+- 2H2+i QM ;2M2°
rBi? H;Q Bi?KB+ T ~ K2i2'bbm+? iBK2 bi2Th9XR® HH # Qm;?i BM h #
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h #H2 9Xk, a[m "2 g p2 oQHi ;2 S~ K2i2'b7Q Rbi* b2

S " K2i2° 0 Hm?2
Unax 18kV

f 3kHz
_Bb2 hBK2 1ls
.miv *v+H?2 50W

h #H2 9Xj, J2b? S'QT2 iB2b Q7 Rbi * b2

Zm MiBiv 0o Hm?2

J tBKmK 2H2K2Mi bBx22:65 10 “*“m
JBMBKmMK 2H2K2Mi bBXA® 10°%m
J tBKmK 2H2K2Mi ;" Qrir3" i2
*m'p im 27 +iQ° 0:3
_2bQHMIBQM Q7 M “"Qf “2;BQMb

h #H42 9X9, S. S~ K2i2'b7Q Rbi* b2

avkK#QH 0 Hm?2
r 4:4
0 10 ¥ S/m
Ec 242 10°V/m
Nsurf 0 3000
NvoI 2
p 1atm
decay 0:002s
T 300K
th 1/(1000F )
t 1/(1000 500f)
cav;max 0:001S/m
surf:L 10 15 S/'m
surf;H 2 10 n S/m
Einc 3:1kV/mm

Eext 0:1kV/mm
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6B;m 2 9Xj, J2b? T ii2"M Q7 Rbi+ b2 bim/vX

O9XRXk * b2 k,

h?2 + b2 bim/v +QMbBbib Q7 bT?2'2@bT?2°2 2H2+i Q/2 bvbi2K i?
MMB7Q K 2H2+i B+ 7B2H/X Ai +QMDbBbib Q7 irQ bT?2 B+ H2H2+i Q/
r?BH2 i?2 Qi?2  Bb ;"QmM/2/X h?2 irQ bT?2°2b 2 bBim i2/ rBi?B])
bBHB+QM22ZHiWLhSV rBi? DbT?2'B+ H B @7BHH2/ + pRiX¥BMbB/2
h?2 ;2QK2i'B+ T > K2i2'b Q7 i?2 pQB/@/B2H2+d XB+ &1 612 b?X@2rM B\

6B;m 2 9X9,j. 2T 2b2Mi iBQM Q7 kM/ + b2 bim/vX

k.@ tBbvKK2i'B+ H 2T 2b2Mi iBQM Q7 i?2 +QMY8 N 2BQAT Bi? b2
T°QT2iB2b Q7 i?2 b[m "2 r p2 pQHi ;2 r?B+? Bb TTHB2/iQ i?2 BMb!



~
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h #H2 9X8, :2QK2i'B+ HS ~ K2i2'b Q7 kM/ * b2

S K2i2"° 0 Hm2
1H2+i Q/2 _ /IBmb 5mm
.Bbi M+2 #2ir22M 1H2+3m@/2b
.B2H2+i"B+ _ /Bmb 8 mm
.B2H2+i B+ >2B;?i 25mm

* pBiv.B K2i2"° 1 mm

* pBivam'7 +2 h?B+FM2Bhm

h #H4H2 9Xe, a[m "2 g p2 oQHi ;2 S ~ K2i2 ' b7Q kM/* b2

S " K2i2° 0 Hm2
Unax 11kV

f 20kHz
_Bb2 hBK2 100ns
.miv *v+H2 50W

h #H2Xe h?2 /2i BHb M/ 2T 2b2Mi iBQM Q7 i?2 KX/ 6BBXAOrM BM |

6B;m 2 9X8, k. 2T 2b2Mi iBQM Q7 kM/ + b2 bim/vX

"2bT2+iBp2HvX h?2 T  K2i2 b 2H i2/iQ 2H2+i QM ;2M2" iBQM " i2
/2+ v "2 HBbi2/ BXGh #H?2



'YSY+Z b

h #H2 9Xd, J2b? S’ QT2 iB2b Q7 kM/ * b2

Zm MiBiv 0O Hm?2

J tBKmMK 2H2K2Mi bBx25 10 “*m
JBMBKMK 2H2K2Mi bBXA8B8 10 °®m
J tBKmMK 2H2K2Mi ;" Qrir2" i2
*m'pim 27 +iQ° 0:25
_2bQHMIBQM Q7 M “"Qf '2;BQMb

h #H42 9X3, S. S~ K2i2' b 7Q kM/ * b2

avkK#QH 0o Hm?2
r 2:8
0 10 ¥S/m
Ee 242 10°V/m
K rad 2 10°kg 1s 't
( /p)o 10 Skgm °Pa !
p 1atm
decay 0:15/f
1:3eV
0 1014 S 1
T 300K
tL 1/(1000f )
th 1ns
cav:max 0:0004S/m
surf:L 2 10 1¥S/m
surf;H 10 1 S/'m
Einc 3:1kV/mm

Eext 0:1kV/mm

IN
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6B;m 2 9Xe, J2b? T ii2 MQ7 kM/ + b2 bim/vX

OXk 1H2+i B+ 6B2H/ .Bbi B#miBQM

6B;:XXdV/ 6B9XB?Qrb i?2 2H2+i "B+ 7B2H/ /Bbi ' B#miBQM Q7 i?2 + pB
i?72 Rbi + b2 #27Q°2 M/ 'B;?i 7i2  i?2 KQK2Mi S. i F2b TH +2X b 2t

6B;m 2 9Xd, h?2r?QH2 bvbi2K 2H2+i B+ 7B2H/ /Bbi B#miBQM #

Q7 2H2+i B+ 7B2H/ + Qbb i?2 + pBiv Bb ?B:?2  i? M /B2H2+i B+ K
7 +iQyQ7(9V /B2H2+i'B+ +QMbi Mi BM B ' i?2° i? M BMbmH iBM;
2 "HB2'- +? “:2b /2TQbBi QM i?2 + pBivr HH 7i2 Q++m 2M+2 Q7
7B2H/ +QKTQM2Mi #2bB/2 i?2 K BM +QKTQM2Mi BKTQb2/ #vi?2 TT
+QKTQM2Mi QTTQb2b i?2 K BM +QKTQM2MiX .m BM; i?2 S.-i?2 2H?2
'Q2b /QrMiQ HKQbix2 Q# BM;BM; Bi 2p2M HQr2 i? Mi?2 K i2 B H
ivTB+ H#2? pBQ QM2 MiB+BT i2b 7°QK /Bb+? “:2°2; "/H2bb Q7
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6B;m 2 9X3, h?2r?QH2 bvbi2K 2H2+i B+ 7B2H/ /Bbi B#miBQM

h?2 /B H M/ tB H2H2+i'B+ 7B2H/ /Bbi BOXNEOMBB 2 bPDIQ BM 6
M/ B;?i 7i2 i?2 Rbi/Bb+? “;2X h?2 2bmHibp HB/ i2bi?2 T 2pBQnm
7B2H/ p "B iBQMbX 6m i?2 'KQ 2- Bi Bb /2KQMbi  i2/i? i #v BM+ 2 b
BMi2MbBiv BM x@/B 2+iBQM ;Q2b /QrM M/i?2 /B H+QKTQM2Mi H(

6B;m 2 9XN, tB H2H2+i B+ 7B2H/ /Bbi B#miBQM 7i2"  S. C

6Q i?72 kM/ + b2XBBIKB+ i2b i?2 7TB2H/ /Bbi ' B#miBQM #27Q 2 M/ 7i
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6B;m 2 9XRy, /B H2H2+i B+ 7B2H/ /Bbi B#miBQM 7i2" S.

a K2 bT 2pBQmb + b2-i?2 7B2H/ BMi2MbBiv + Qbb i?2 pQB/ Bb ?B
PQHI ;2 F22Tb BM+"2 bBM;-i?2 + pBiv2H2+i'B+ 7B2H/ ;Q2b mT mMi|
+ MMQi iQH2" i2 i?2 bi'2bbX ii?Bb TQBMi- QM+2 i?2 BMBiB H 2H?2
++2H2  i2b- +QHHB/2b rBi? Qi?2° iQKb- M/B;MBi2bi?2 2H2+i QM
+QM/m+iBpBiv Q7 + pBiv2M? M+2b- H2 /IBM; iQ 2/m+iBQM Q7 2H:
/"QT +'Qbb i?2 + pBivX h?Bb F22Tb ;QBM; mMiBH i?2 2H2+i B+ 7B
7B2H/X

OXj S.*? ;23 ;MBim/2

6B;XXPRQrb i?2T? b2@ 2bQHp2/S.US_S.VT ii2 M7Q Rbi+ b2 bir
Q7 S. +? ;2 "2bmHib "2 /2KQMBEXMN2ANMBN?BBHZH2- i?72 S. BMi2Mb
+? ° +i2 ' Bx2/ mbBM; irQ +? ;2K ;MBim/2b-QM2i?2 +? ;2 ++mKmH
Uirm2 +? ;2V- M/i?22 Qi?2 QM2 Bb i?2/2TQbBi2/ +? ;2 QM i?2 2H=



YKY T/ +Nz 1T Kz1éO 27 9j

6B;m 2 9XRR, 1H2+i B+ 7TB2H/ /Bbi B#miBQM BM kM/ +

h #H42 9XN, S. _2bmHib 7Q" Rbi * b2

Zm MiBiv 0 Hm2
p2° ;2 MmK#2 Q7 S.b T2 287+H?2
J2 Mi'm2 +? ;2 K ;MBim/Z4509pC
J2 M TT "2Mi +? ;2 K ;M Bam22pC
JtBKmK i'm2 +? ;2 K ;MB18868pC

bmKK v Q7i?2 2bmHib 7Q kM/ + b2 bimIXRBp HDDQEBRB @rib #H 2
i72T? b2@ 2bQHpP2/S.US_S.VT ii2MBMi?Bb + b2X q? ii?2b2 "2h
rBi? r? i? / #22M Q#b2 p2/ BMDAXTRIGKBM4B (;2b i F2 TH +2 T2  +v+
QM i?2 bB/2r?2 2 pQHi ;2 Bb "BbBM;- M/ i?2 Qi?2° QM2 QM i?2 bB/
q?BH2 i?2 +? “;2 K ;MBim/2b HKQbi i?2 b K2 7Q" i9XtBK TR BRIb+? °
i? iQMi?27 HHBM; 7H MF-Bii F2bKQ 2 iBK2 7Q i?2 /Bb+? “;2iQ Q
"2 bQM HB2b BM i?2 ?B;?2  iBK2 /2H v ii?2 7 HHBM; 7H MF iQ T Qp
iQi?2 +2 ;2 /2+ vX
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6B:m 2 9XRk, S S. T ii2°M 7Q  Rbi + b2 bim/vX

h #H42 9XRy, S. _2bmHib 7Q" kM/ * b2

Zm MiBiv 0O Hm?2

p2° ;2 MmK#2 Q7 S.b T2 ho86612
J2 Mi'm2 +? ;2 K ;MBim/D420C
J2 M TT "2Mi +? ;2 K ;MBIl488ZL
JtBKmK i 'm2 +? ;2 K :MB2#Gd €

9X9 AKT +i Q7 * pBiv *? ~ +i2 BbiB+b

9X9XR * pBiv .B K2i2"°

6B;8XR2KQMbi' i2b i?2 BKT +i Q7 pQB/ bBx2 QM i?2 7B2H/ BMi2MEL
+ pBiv7Q i?2 Rbi+ b2X a K2 bi?2+ b2Q7bBM2r p2-i?27B2H/BM
MQi b? "THv /2+ 2 b2 #v m;K2MiBM; i?2 + pBiv /B K2i2 - bT2+B7B+
OXP®&Qrb i?2 /B772 2M+2 BM BM+2TiBQM pQHi ;2 KQM; i?2irQ pQF
172 pQHIi ;2 TIRKF B Db

h?2 7B;m 2 BKTHB2b i? ii?2 jF>xb[m "2r p2? b?B;?2 BM+2TiBQN
bBM2r p2X >Qr2p2 -i?2 "2bmHib ? p2 BM/B+ i2/i? i i?B;?2 7 2[m
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