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Abstract

To better assess how aerosols impact on Earth system, the observations of ultrafine
particle number concentration and their size distribution in different location and
environments are crucial, especially in remote sites, like high altitude mountain sites,
where the atmosphere is representative of baseline conditions.

The aim of this thesis is to obtain long-term information on aerosol number size
distribution and new particle formation (NPF) at the Mt. Cimone GAW global
station (CMN, 2165 m a.s.l.). The size distribution of particles ranging from 9nm
to 500nm was continuously observed with a DMPS from November 2005 to July 2013
in the framework of EUSAAR and ACTRIS European projects. Size distribution and
number concentration are studied at different time scales, together with occurrences
of NPFs. CMN typical aerosol number size distribution is bimodal. On average, CMN
aerosol population features a total number concentration of 1534 1332cm 3. The
number concentration shows large seasonal variations with higher values during warm
months, almost four times higher than those observed in winter. On a daily time scale,
the maximum of total particles occurs in the afternoon. When classifying aerosol
number size distribution into nucleation mode (9-25nm), Aitken mode (25-100nm),
and accumulation mode (100-500nm), Aitken mode is the main contributor to the
total number concentration for about 53%, followed by particles in the accumulation
and nucleation modes with 31% and 16%, respectively.

According to the procedure laid down by Kulmala et al., 2012 NPFs are identified
by distinguishing each day following standardised classification criteria. CMN is
characterized by a NPF events frequency of 26.7%, with the highest event occurrence
in May and August, while non-events are more frequent during winter. The
growth of nucleation mode particle and the time evolution of the nucleation number
concentration begin, on average, around local noon. The first one lasts almost three
hours, with a mean growth rate of 4:65 1:97 nm/h, while the latter lasts more than
one hour and a half, with a rate of 0:50 0:56cm 3s . The average condensation
sink is 0:280 - 10™3s ! during a typical non-event day, and 0:483 - 10”3s ! during a
typical event day. However, low CS observed before the nucleation onset time can be

an important factor triggering NPFs, except during winter season.
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Sommario

Una migliore comprensione degli effetti degli aerosol sul sistema climatico beneficia
di osservazioni a lungo termine della concentrazione del numero di particelle ultrafini
e della loro distribuzione dimensionale in luoghi ed ambienti diversi. Questo vale, in
particolare per siti remoti, come quelli ad alta quota, dove 'atmosfera é rappresentativa
delle condizioni di background a larga scala.

Lo scopo di questa tesi e ottenere informazioni sulla variabilita delle osservazioni di
distribuzione dimensionale in numero degli aerosol e sugli eventi di formazione di nuove
particelle (NPF') osservati presso la GAW Global Station di Monte Cimone (CMN, 2165
m s.l.m.). La distribuzione dimensionale di particelle con dimensioni comprese tra 9 nm
e 500 nm e¢ stata continuamente monitorata tramite un DMPS, a partire da Novembre
2005 fino a Luglio 2013, nell’ambito dei progetti europei EUSAAR e ACTRIS. In
questo elaborato, la distribuzione dimensionale e la concentrazione numerica vengono
analizzate considerando scale temporali differenti, insieme agli eventi di NPF.

La distribuzione numerica dimensionale tipica del sito CMN risulta bimodale. In
media, la popolazione di aerosol ha una concentrazione totale di 1534  1332cm 3.
[’andamento tipico annuale della concentrazione numerica presenta un massimo
estivo, quasi quattro volte superiore ai valori osservati mediamente in inverno. Su
scala giornaliera, il numero massimo di particelle si osserva nel pomeriggio, molto
piu accentuato in estate rispetto alle altre stagioni. Suddividendo lo spettro della
distribuzione numerica dimensionale nella moda di nucleazione (9-25 nm), nella moda
di Aitken (25-100 nm) e nella moda di accumulazione (100-500 nm), la moda di Aitken
¢ quella che contribuisce maggiormente alla concentrazione totale con circa il 53%,
seguita dalle mode di accumulazione e nucleazione che contribuiscono rispettivamente
con il 31% e il 16%.

Secondo la procedura stabilita da Kulmala et al., 2012, abbiamo identificato gli
eventi di NPF, classificando ogni giorno in base a criteri di classificazione noti in
letteratura. Presso il sito CMN si registra una frequenza di eventi di NPF del 26.7%,
con la piu alta presenza di eventi nei mesi di Maggio e Agosto, mentre i non-eventi
sono piu frequenti durante I'inverno. Nei casi di NPF piu chiari, abbiamo studiato la
crescita delle particelle nella moda di nucleazione e I'aumento di concentrazione, che
iniziano ogni giorno mediamente intorno al mezzogiorno locale. In media, la crescita
in diametro dura quasi tre ore, con una velocita di 4:65 1:97nm/h, mentre la crescita
in concentrazione dura pitt di un’ora e mezza, con un rate di 0:50  0:56cm™3s"t.
Il condensation sink medio ¢ 0:280 1073s™! durante una tipica giornata non-evento,
mentre ha un valore medio di 0:483 10™3s™ durante una giornata in cui avviene NPF.
Viene osservato un CS basso prima che la nucleazione abbia inizio, ad eccezione della
stagione invernale. Cio significa che CS puo essere considerato un fattore importante

per innescare il meccanismo di NPF.
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Introduction

Aerosol particles can influence the Earth radiation budget by scattering and absorbing
sunlight (direct effect). They can also affect Earth albedo by serving as cloud
condensation nuclei (CCN) and ice nuclei (IN), and thus they can influence cloud
formation and lifetime as well (IPCC, 2013). The cloud albedo effect of aerosols is
one of the biggest uncertainties in global climate models (IPCC, 2013), and strongly
depends on the number concentration and size distribution of particles. Numerous
studies have focused on monitoring the particle number size distribution (PNSD)
within the planet boundary layer (PBL), where anthropogenic sources have strong
impacts (Peng et al., 2014). However, particles in the pristine free troposphere (FT')
have rarely been studied. Mountain sites are located far from anthropogenic emissions
and thus they are the ideal sites for monitoring the temporal variations of aerosols in
the atmosphere at background levels.

The overall aim of this thesis is to enrich the information of aerosol concentration
and size distribution by analyzing the longest Italian record gathered by the mountain
ground based station 00 OIOO00 at Mt. Cimone (2165 m a.s.l.). This station
is the only one among the 31 Global Stations of the Global Atmospheric Watch
(GAW) program set up by the World Meteorological Organization (WMO) present
on the Italian territory and in the Mediterranean Basin. The aerosol number size
distribution observation at Mt. Cimone was implemented in the frame of EUSAAR
FP6 program, in November 2005, and it has been continuously carried out also in
the frame of ACTRIS-FP7 and ACTRIS-2-H2020 programs. This site represents a
strategic platform to study the climatology of the free troposphere in the South Europe
and the Mediterranean basin. For these reasons, its contribution to extent the view
of particle number concentration and size distribution within observational networks
is fundamental.

To accomplish this aim, size distributions data collected from a differential mobility
particle sizer (DMPS) from November 2005 to July 2013 are analyzed. In particular,
information about diurnal, seasonal, annual and inter-annual variability of aerosol
number concentration and size distributions is obtained. Then, a study of new particle
formation (NPF) is carried out. New particle formation is estimated to provide the 45%

of global cloud condensation nuclei, but the abundance of nucleated particles responds



in complex ways to variations in precursor gases, existing particle concentrations, and
other environmental factors that are still not completely understood (Merikanto et al.,
2009). In order to understand the phenomenon of NPF at Mt. Cimone, we first need
to know its frequency and characteristics. For this reason, in the present work a

preliminary detailed investigation of NPF event and non event is carried out.

UO00000 000 provides the most relevant information on tropospheric aerosol. It
contains a description of the main sources and removal mechanisms and offers an
overview of aerosol particles physical, chemical and electrical properties. This Chapter
depicts the key aspects of current knowledge about their impact on visibility, health,
and climate. Finally, it deepens into the new particle formation mechanisms and main
evolutionary processes to which aerosol particles are subjects in the atmosphere.

0000000 000 contains a detailed description of the measurement site and the
methodology of NPSD observation and data analysis. First of all, the chapter provides
a presentation of the I OO atmospheric observatory managed by the National
Research Council of Italy. Then, a description of the operating principles of the
DMPS, used to measure the aerosol size distribution, is given. Finally, the methods
adopted to process raw data and to create a homogeneous data set together with the
complete analysis procedure used to analyze it are explained.

0000000 [O0OD reports the main results obtained by studying the available data.
Starting from a description of the data set obtained through the preprocessing of raw
data, the third chapter proceeds with the long-term characterization of the aerosol
population measured at Mt. Cimone. The properties of the aerosol population are
investigated by outlining the diurnal, monthly, seasonal, and interannual differences
in size distributions and number concentrations. Then, the total aerosol number
concentration recorded at Mt. Cimone is compared with that observed at other
stations in a global context. Finally, the results concerning the observation of new
particle formation are reported. In particular, the characteristics of events occurring
at Mt. Cimone are studied and compared to those observed at other high altitude
ground based sites, which performed experimental NPF studies providing an overall

picture of the frequency of occurrence of the process and of some events features.



Chapter 1

Atmospheric aerosol

Atmospheric aerosol is a suspension of fine solid particles or liquid droplets in air,
ubiquitously present in the Earth’s atmosphere. The term aerosol commonly refers to
aerosol particles.
Emitted directly as particles (primary aerosol) or formed in the atmosphere by
gas-to-particle conversion processes (secondary aerosol), atmospheric aerosol particles
range in size from a few nanometers (NM) to tens of micrometers ( M) in diameter.
They play an important role influencing the energy balance of the Earth’s system,
visibility, climate, human health and environment as a whole. In spite of the great
efforts made by the scientific community in the last decades, the atmospheric aerosol
still presents unknowns due to its large variability and complexity in terms of sources,
transport and transformation mechanisms, chemical composition, size distribution,
global distribution and interaction with other components of the Earth’s system.
This chapter summarizes the present knowledge on aerosols properties, impacts

and new particle formation mechanisms in the atmosphere.

1.1 Aerosol life cycle

1.1.1 Sources and formation

A way to classify aerosol particles is based on their origin. Aerosol can originate from
natural sources and anthropogenic sources (Boucher, 2015). Particles emitted from
both natural and anthropogenic sources are given in Table El]

Significant natural sources of particles include volcanic activity, wind-driven soil
erosion processes, sea spry, biomass burning, and reactions between natural gaseous
emissions.

Emissions of particulate matter attributable to the activities of humans arise
primarily from four source categories: fuel combustion, industrial processes,
nonindustrial fugitive sources (roadway dust from paved and unpaved roads, wind

erosion of cropland, construction, etc.) and transportation sources (automobiles, etc.)
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(Seinfeld and Pandis, )
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Aerosols can also be classified according to their formation processes into two groups:
primary aerosols and secondary aerosols.

Primary aerosols are particles emitted or injected directly into the atmosphere, and
they can have both natural origins, like salt from the sea, dust from dry regions, or
particles released by wildfires, and anthropogenic origins, like particulate resulting
from fuel combustion, transport activities and industrial processes.

Secondary aerosols are particles formed via gas to particle conversion, in which
condensable vapours lead either to growth of preexisting particles by condensation
processes, or nucleation of new particles (Tomasi, Fuzzi, and Kokhanovsky, )
The phenomenon involving the nucleation of gas-phase atmospheric components into
newly-formed particles, as well as their subsequent growth and coagulation, is called
atmospheric new particle formation (NPF) (Kalkavouras et al., ) Such process
is important since it represents the first step in the complex processes leading to
formation of cloud condensation nuclei and it has a major influence on the radiative
balance of the global climate system. NPF will be treated in details in Section 1.4

since it is a fundamental topic for the work that has been carried out in this thesis.
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Source Particle @ Emission
size ( m) (Tg/yr)
Natural
Primary Soil dust (mineral aerosols); D<1 110
D=1-2 290
D=2-20 1750
Sea to air flux of sea salt; D<1 54
D=1-16 3290
Biogenic organic matter; Coarse 1000
Volcanic ash; Fine 20
Secondary Sulfate from aerosols from Fine 16-32
marine biogenic gases (mainly DMS);
Sulfate from aerosols form Fine 57
terrestrial biogenic gases;
Nitrate aerosols from N Oy Mainly 3.9
(lightining, soil microbes); coarse
Organic matter from biogenic gases; Fine 16
Sulfate aerosols from volcanic SOy; Fine 9-21
Natural
subtotals At least 6600
Anthropogenic
Primary Aerosols from all kinds of fossil Coarse 100
fuel burning, cement manufacturing, and fine
metallurgy, waste incineration, etc;
Soot (black carbon) from fossil Fine 8
fuel burning (coal, oil);
Soot from biomass burning; Fine 5
Biomass burning without soot; Fine 80
Secondary Sulfate from SO, (mainly from coal Fine 140
and oil burning);
Nitrate aerosol from N Oy (fossil Mainly 36
fuel and biomass combustion); coarse
Organic matter from anthropogenic Fine 5
gases;
Organic matter from biomass Fine 54
burning;
Organic matter from fossil fuel Fine 28
burning;
Anthropogenic
subtotals 460
Total 7100

00000 0oof Oobhooon 000 booooooobooit froodol oo Uhidood 000 Duoooooog
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1.1.2 Removal

The atmospheric life of aerosol particles emitted by the primary sources or formed
from the precursor gases is schematically illustrated in Figure and it is regulated
by nucleation, coagulation, and condensation processes which will be explained in

detail in Section 1.4. Subsequently, aerosol removal may occur through dry and wet

deposition.
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The most important removal process for submicron aerosols is wet deposition,
also called wet scavening (Xu et al., 2019), defined as the removal of any material
from the atmosphere to the Earth’s surface by the precipitation of liquid or frozen
hydrometeorites. Arimoto et al. [1985] have measured a contribution of the aerosol
wet deposition flux to the total deposition flux in the Pacific of 70 to 90% for trace
elements, far from their source region. In a rural area, i.e., closer to source areas,
Prakasa Rao et al. [1992] measured wet deposition flux contributions of 74 and 62%
for sulfate and nitrate aerosols, respectively. In regions far from the sources, where the
largest particles have already been removed by gravitational settling, this contribution
has been estimated to be 60 to 85% for desert dust (Guelle et al., [1998). Two processes
lead to wet deposition: the nucleation scavenging and the impaction scavenging.
The former mechanism refers to aerosols (cloud condensation nuclei: CCN) inducing
formation of cloud droplets in supersaturated water vapour and the latter mechanism
refers to collision-coalescence of aerosols and water droplets. The impaction scavenging

usually splits in two processes: in-cloud impaction scavenging, which treats the

6
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interactions between cloud droplets and raindrops with interstitial aerosol particles
(particles too small to nucleate to cloud droplets) and below cloud scavenging, which
concerns the collection of aerosol particles by falling raindrops below the cloud
base. The relative importance between in-cloud scavenging processes (nucleation
and impaction scavenging), also called washout, and below cloud scavenging, also
called rainout, depends on meteorological conditions and on the properties of aerosol
particles (size distribution and chemical composition) as well as on the stage of cloud
development (Berthet et al., 2010). Scavenged aerosols are irreversibly removed from
the atmosphere if the water droplets gravitationally fall and reach the ground.

If wet deposition is an efficient sink for aerosols, it is of course conditional on
the presence of precipitating clouds whose spatial and temporal distribution is very
heterogeneous. Some regions experience very little precipitation while other regions
exhibit very strong seasonal variations in precipitation (Boucher, 2015). In the absence
of precipitation, the direct deposition of aerosols and aerosol precursors onto the
Earth’s surface, called dry deposition, becomes important. The relative importance
of the removal effects by dry deposition depends on various factors, such as the
atmospheric turbulence level, the chemical and water solubility characteristics of the
particles, and surface and terrain characteristics. In fact, the level of turbulence
governs the rate at which aerosols are delivered down to the surface, especially
within the layer nearest to the ground, such a rate varying as a function of aerosol
size, density, and morphological characteristics. The surface roughness constitute
also a very important factor in dry deposition, since a smooth surface may lead to
particle bounce-off, and canopies generally promote dry deposition (Tomasi, Fuzzi,
and Kokhanovsky, 2017). Many investigators have chosen to represent the overall dry
deposition process in terms of three simplified steps (Hosker Jr and Lindberg, [1982;
Hicks et al., 1987). The first step is the aerodynamic transport by turbulent diffusion
down through the atmospheric surface layer until to a very thin layer of stagnant air
just adjacent to the surface. The second step is the Brownian transport across this
thin stagnant layer of air until reaching the surface, called the quasi-laminar sublayer.
Finally, the last step is the uptake of particles, which adhere to the surface, whose
moisture and stickiness are important factors. Each of the steps can occur at a different

rate; the slowest step generally determines the overall rate of dry deposition (Wu et al.,

1992).
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1.2 Physical and Chemical Aerosol Properties

1.2.1 Morphology and size characterization

Particulate matter is commonly characterized by its size. The latter can be defined as
geometric or physical diameter (dy) at the simplest level. If the particle is spherical
the meaning of this parameter is obvious, otherwise it does not have a precise
meaning and atmospheric aerosol particles are often nonspherical (DeCarlo et al.,
). In fact, atmospheric particles can be characterised by various shapes: from the
rough-edge shape of a crustal particle in Figure @a, to the long branched chains of
small nanoparticles characterizing Diesel exhausts emission in Figure @b, to the flat

appearance of a skin fragment in Figure @c, to the cubic shape of a sodium chloride

crystal in Figure Bd (Perrino, )

00000 00O 0boooo oo boO0o0000t 0booitotr Cooobo 0o 00000000 oo
000l Of OOOo00l fooooiton Coio 0000000 oodoooo DD

Nonspherical particles are generally characterized by equivalent diameters, defined
as the diameter of a sphere, which with a given instrument would yield the same
size measurement as the particle under consideration (DeCarlo et al., ) For
exemple, the equivalent volume diameter (de) is defined as the diameter of a sphere
of the same volume as that of the irregular particle. Also commonly used is the
aerodynamic diameter (da). This is defined as the diameter of a spherical particle with
unit density which has the same settling velocity as the particle in question (Baron
and Willeke, ) Aerodynamic diameter is useful for characterising particles with
significant inertia, which are typically particles larger than 0:5 m. Smaller particles
undergo Brownian motion and diffusion diameter is used for them. Diffusion diameter

is defined as the diameter of a spherical particle with density of unity which has the
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same diffusion as the particle in question (Salimi, 2014). However, for the aim of
the thesis it is fundamental to introduce the electrical mobility diameter (Dp), since
all the data analyzed in the present work were obtained by a Differential Mobility
Particle Sizer (DMPS) which classifies charged particles according to their mobility in
an electric field. The instrument will be described in detail in Chapter E Electrical
mobility diameter is defined as the diameter of a spherical particle with unit density
which has the same electrical mobility (Z,) as the particle in question (Flagan, 2001)).
The behavior of a particle in an electric field is deepened in Section , where the
equation of the electric mobility is derived. The equation of the electrical mobility

diameter is the following:
neC.

3 Z,

Dp = (1.1)

where N is the number of excess elementary charges e carried by the particle, 1is the
viscosity of air and Cg is the Cunningham slip corrector factor (Kulmala et al., 2012).
For spherical particles, Dp equals d, and de (DeCarlo et al., 2004).

1.2.2 Ultrafine, Fine and Coarse Modes

Taking into account the size characterization explained in the previous paragraph, this
chapter assumes spherical aerosols of a known diameter Dp and density p, in order
to provide a single coherent mathematical description of the particles. Aerosol sizes
span several orders of magnitude, from a few nanometers for new particles produced
by nucleation, to several hundred micrometers for the largest particles produced by
the wind friction on the land and the ocean surface (Boucher, 2015). Particles less
than 2:5 m in diameter are generally referred to as 000 and those greater than 2:5 m
diameter as 000000 (Seinfeld and Pandis, 2016).

Fine and coarse particles differ in sources, formation mechanisms, composition,
atmospheric lifetimes, spatial distribution, indoor—-outdoor ratios, and temporal
variability. Therefore the distinction between fine and coarse particulate matter is a
fundamental one in any discussion of the physics, chemistry, measurement, or health
effects of aerosols.

Fine particles can be divided roughly into three modes: the nucleation mode with
a particle diameter Dp < 25nm (also called the ultrafine mode), the Aitken mode
25nm < Dp < 100nm (named after the Scottish meteorologist and physicist John
Aitken), the accumulation mode 100nm < Dp < 2;5 m. The nucleation particles
mainly form through condensation of hot vapors during combustion processes and/or
nucleation of atmospheric gaseous species to form fresh particles and they are lost
principally by coagulation with larger particles.

The accumulation mode is so named because mass accumulates in this size range by

coagulation of particles in the nuclei mode and condensation of vapors onto existing

9
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particles.
The coarse mode is formed by mechanical processes and usually consists of man-made
and natural dust particles. A supercoarse mode can be found close to the source point

but is generally absent in more aged aerosol populations.

1.2.3 Size Distribution

The size of aerosol particles affects both their lifetime in the atmosphere and their
physical and chemical properties (Seinfeld and Pandis, 2016). It is therefore necessary
to develop methods of mathematically characterizing aerosol size distributions. A
measured distribution of particle sizes can be described by a histogram of the number of
particles per unit volume within defined size bins. By making the bin sizes tend to zero
a continuous function is formed called the diameter number density distribution N (Dp)
which represents the number of particles with diameters between Dp and Dp+ Dp
per unit volume. The differential diameter number density distribution ny(Dp) is
defined by

dN (Dp)
nn(Dp) = ————: 1.2
n(Dp) dDp (1.2)
The same equation can be written in integral form as
Z Dp+ Dp
dN(Dp) = nn (Dp)dDp: (1.3)
Dp
The total number of particles per unit volume N is given by
Z 4
N = nn (Dp)dDp: (1.4)
0

Several aerosol properties depend on the particle surface area and volume distributions
with respect to particle size. So it is important to define the aerosol surface area

distribution as

ns(Dp) = Dp*nn(Dp) (1.5)
and the aerosol volume distribution
ny (Dp) = gDp3nN(Dp): (1.6)

The observed aerosol distribution is fitted reasonably well by log-normal distribution,
the most useful in situations where the distributed quantity can have only positive

values and covers a wide range of values. Therefore, atmospheric aerosol size

10



*2 Ti2" R iKQbT?2 B+ 2 °QbQH

/BbiB#miBQMb + M #2 /2b+ B#2/ bi?2bmK Q7 M HQ:@MQ K H

X0 . D)2
nn (logDp) = pz_'l\lLexp %(IOQD'IO zlog_ng") URXdV
i1 09 g 09° g;i

(22 Ho; Bb i?2 BMi2; i BQ;iMBD K H 7hpM BB QA2-K2 M ;2QK2i B+
/B K2i2 - ,MBb i?2 ;2QK2i B+ bi M/ */ /2ifBHIB@MQ7K?2 KQ/2X

6B;m 2 RX972K iB+ Q7 i?2i?°22 KQ/2b Q7 i?2 2°QbQH bBx2 /Bb
U"Qm+RgZRBX

6B;mkXK?Qrb i?2 bmT2 TQbBIiBQM Q7 i?°22 HQ;@MQ K H /Bb
2QK2i"B+ MmK#2, Q7BXlyR- yXmR - MZQ@K2i B+ bi M/ */ /2pB iBC
o Q7 k M/ rBi? iQi H +QM+2Mi’ iBQMbmG? Ryy§2 KiByp2MiR h? B
BHHmbi® iBQM b?Qrb ?2Qri?2}M2KQ/2 /QKBM i2bi?2 2°QbQH M
i72 ++mKmH iBQM KQ/2 /QKBM i2bi?2 2°QbQHbm 7 +2/Bbi B4
/QKBM i2bi?2 2°QbQHpPQHMK2X h?2mHi> }M2 M/bmT2 +Q “b2
*2 MQi 2T 2b2Mi2/ BM i?Bb b+?2K iB+X

RXKkX®2KB+ H+QKTQbBiIBQM

h?2 +?2KB+ H +QKTQbBiBQM z2+ib 2°QbQH T QT2 iB2b HBF2
"Qri?- "2 +iBpBiv- #BHBiviQ 7Q ' K+HQm// " QTH2ib- M/- +QMb?
2MpB QMK2Mi- 7°QK pBbB#BHBiv BKT B'K2Mi iQ 2z2+ib QM ?m
QM i?2 #BQbT?2°2 iQ K i2°B H/2i2'BQ" iBQM M/iQ +HBK i2 +?
EQF? MQ fhRX

S'BK v 2'QbQH

S'BK v 2'QbQHDb 2 iKQbT?2'B+ T “iB+H2b i? i 2 2KBii2
iKQbT?2'2 M/ +QMbBbi Q7 #Qi? BMQ ; MB+ M/ Q' ; MB+ +QKTC
2°QbQHb "2 "2H iBp2Hv H ;210Q7i2M @ B;BM?2M7 QK b2 bT
KBM2  H /mbi- M/ pQH+ MQ2bX S'BK v Q'; MB+ 2 QbQHb
#BQK bbf7QbbBH 7m2H +QK#mbiBQM- ?B;?22  TH Mib M/ bQBH /I
T'BK 'V#BQHQ:B+ H 2°'QbQHT "iB+H2b US" SbVbm+? bTQHH:

RR



*2 Ti2" R iKQbT?2 B+ 2 °QbQH

MBK H 7" ;K2MibX h?2b2 +Q 'b2 2 ' QbQHb ? p2 b?Q i iKQbT?
QMHV 72r/ vbX

a2+QM/ v 2°'QbQH

a2+QM/ v 2°QbQHb "2 K BMHv +QKTQb2/ #v bmH7 i2- MBi |
b2+QM/ "vQ ; MB+ + "#QM- 2bT2+B HHv BM i?2 }M2bi 7° +iBQ!
+QM+2Mi° iBQM /2T2M/b QM +QM+2Mi° i BQMb Q7 T 2+m 'bQ " ; b
bT2+B2b- &M+« b/BOHH M/ QM iKQbT?2 B+ +QM/BiBQMbX

amH7 i2 2 °QbQHb "2 bmbT2MbBQM Q7 }MB®QWB/ TBWR+H2k
/I"QTH2ib Q7 bQHMIBQM Q7 bmH7 i2 Q" Q7 bmH7m B+ +B/ L
T Q/m+2/ #v +?2KB+ H "2 +iBQMb BM i?2 iKQbT?2 2 7 QK : b2«
2t+2TiBQM Q7 b2 b Hi bmH7 i2 M/ :;vTbmK /mbi T “iB+H2bX h?
T'2+m bQ b "2 bmiSDyV 7TBQKB/Mi® QTQ:2MB+ bQm +2b M/ pQF
/IBK2i?VvH bBDNHSA2 U QK #BQ:2MB+ bQm +2b- 2bT2+B HHv K "BM2

KKQMBMK, W Bb i?2 T'TBM+BTH2 + iBQM bbQ+B i2/ rBi? }M2
MBi® i2 BM i?2 +QMiBM2Mi H RHQWBH X2 KX QMBfVUM im H bQBH
+QK#mMbiBQM- #BQK bb #m MBM:- 72 iBHBx2  TTHB+ iBQM M/
“2bmHi Q7 1?2 /2+ v Q7 r bi2 T'Q/m+ib 7°QK /QK2biB+ MBK Hb-
Q+2 Mb U d yMRAX

LBi i®OJV Bb Q7i2M 7QmM/ BM #Qi? }M2 M/ +Q b2 iKQbT?2"|
LBi° i2BM}M2 T "iB+H2bBb T Q/m+2/7 QK i?2 2 +iBQM Q7 ; b«
HNOsV M/ KKQNHZVWUEBKKRMN LBi° i2BM +Q b2 T "iB+H2b +QK2
7°QK i?2 2 +iBQM Q7 ; b@T? b2 MBi'B+ +B/ rBi? T'2@2tBbiBN
bQm +2b Q7 MBi'B+ QtB/2b 2 7QbbBH 7m2H +QK#mbiBQM- bQB

a2z+QM/ v Q ; MBSOAVQH@KIHQM2Mib 2 7Q K2/ #v +?2KB+ H "~
; b@iQ@T "iIB+H2 +QMp2 ' bBQM Q7 pQWHOBMX Q6Q MBIBQRKAI M
VOCs 7 QK i?2 ; b T? b2 + M #2 #Qi? M im  H M/ Mi? QTQ;2NMN
Mim  H+QKTQmM/b "2 BbQT 2M2- KQMQi2 'T2M2b M/ b2b[m]
Mi?"QTQ;2MB+ 2 "QK iB+b- HF MDA MY KHFRQIEbX Mh P22 M #2
Im2iQ Mm+H2 iBQM M/ ; Qri? Q7 2 QbQH T "iB+H¥I®OCs/bQ TiBC
#v T 22tBbiBM; 2°'QbQHb Q° +HQmM/ T "iB+H2b- ?22i2°'Q;2M2Qm
"2 +iBOMGE7TQ b2KB@pQH iBH2 Q7 ; SWBEW-Q KTXRnmbM b7 U+2 Q° BN
i?72 #mHF Q7 2°'QbQH Q" +HQmM/ T "iB+H2bX h?2°2 "2 biBHH K
M/ T°Q+2bb2b BO¥p QWHPBM;r?B+? "2~2+ib BM H +F Q7 FMQrH2
i?2B° +QM+2Mi’ iBQM M/ "QH2 BM i?2kyRBK i2 bvbi2K U_2MxB-

Rk
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:2Q:° T?B+ .BbiB#miBQM

GQM:@i2 K 2°QbQH K bb +QM+2Mi> iBQMb "2 K2 bm 2/ bvbi2K
‘HQ# H M/ 2:BQM H M2irQ ' FbX bm p2v Q7i?2 K BM 2 'QbQH
7°QK bm+? K2 bm 2K2RIXEXFEB; M QK i?2 AS** "2TQ i *HBK i2 *
KyRj- b?Qrb # > +?2 i THQib bmKK “BxBM: iP@mK)b® 7+ DM i~ i
K DQ 2 QbQH +QKTQM2Mib7Q T “iB+H2bonB?7/ B K Pi2B QK I H
‘m>H M/ m # MbBi2b BM bBt +QMiBM2Mi H "2 b Q7 i?2 rQ H/ rl
Q7 /i M/irQ K BM2 bBi2bX JBM2  H /mbi /QKBM i2b i?2 2°C
+QMiBM2Mi H "2:BQMb rBi? "2H iBp2Hv ?B:?2° +QM+2Mi  iBQN
bB M/ *?BM X AM i?2 m# M LQ i? K2'B+ M/ aQmi? K2 B+
UP*V +QMi'B#mi2b i?2 H “;2bi K bb 7> +iBQM iQ i?2 iKQbT?2'B
"2 b Q7 i?2 rQ H/ i?2 P* 7" +iBQM > MFb b2+QM/ Q  i?B /X am
+QKTQM2Mi Q7 i?2 BMQ ; MB+ 7" +iBQM Q7 i?2 2 'QbQH- M/ Bk
#v KKQMBMKX LBi® i2 + M #2 T°2b2Mi BM p2'vp "B #H2 [m MiB
/2+°2 b2 > TB/Hv QmibB/2 bQm +2 “2:BQMbX a2 b Hi+ M #2 /Q
bBi2b rBi? 8y iQ dyW Q7 2 QbQH K bb UAS** kyRjVX

6B;m 2 RX8BK iQHQ:v Q7 i?2 K bb +Q¥2MQ7 itBApK K U
K DQ' +?2KB+ HbT2+B2b Q7 i?2 iKQbT?2'B+ 2 QbQH BM /Bz2
72 rQ H/X 2T Q/m+2/ 7 QRBUHI+RY**V
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*2 Ti2" R iKQbT?2 B+ 2 °QbQH

RXj1H2+i B+ HS QT2 iB2b

AM 2°QbQH K2+? MB+b-i?2 KQbi BKTQ i Mi 2H2+i Qbi iB+ 222
+? ;2/ T "iB+H2 BM M 2H2+i QRNMN }QHI >BKQH T "iB+H2b
bQK2 2H2+i'B+ +? ;2 bBM+2 i?2v "2 7Q K2/-#mii?2v+ M HbQ
HB72 +v+H2 Q- “iB}+B HHv- mbBM; bT2+B}+ iQQHb- HBF2 T "iB
rBi? i72 2°QbQH b KTH2X h?Bb Bb 7mM/ K2Mi HT QT2 iv #2+
#v 2H2+i°Qbi iB+ 7Q +2b 7Q Kb i?2 # bBb 7Q° BKTQ i Mi ivT2 (
M/ 2°QbQH b KTHBM; M/ K2 bm BM; BMbi mK2MibX AM/22]/-
i?72 T 2b2Mii?2bBbr?2°'2 +QHH2+i2/ mbBM; .Bz2 2MiB HJQ#B}
/2b+ " B#2/ BM /21 BHKBEMh?2 ToSa QT2 iBM; T'BM+BTH2 Bb # b
+? ;BM; Q7 +QHH2+i2/ T "iB+mH i2i?2 Qm;? T "iB+H2 +? ;2"
2H2+i"B+}2H/BM Q' /2 iQ +H bbB7v +? “;2/ T "iB+H2b ++Q /BM
AMi?Bbb2+iBQMbQK2 +? ;BM; K2+? MBbK Q#b2 p #H2BM M in
+? *;2 "2 /2b+ ' B#2/X KQMBEMKBQR2 +R2+BM:BbK Bb 2tTHQBI
#v 1?72 L2mi° HBx2 - /Xb#&BIEBABNBD T i Q7 i?72 .Bz2 2MiB H J
S "iB+H2 aBx2  mb2/ iJiX *BKQM2X h?2M- i?2 TQHMBKBOM Q7
2[MBHB®BmX ;2 /Bbi'B#miBQM Bb ;Bp2M M/ i?2 +QM+2Ti Q7

H'2 /vBMi"Q/m+2/ BXkXBR+PBEXBM2/ KQ 2 +HQb2HVvX

RXjXR? ;BM; K2+? MBbK

h?2 T 'BM+BT HK2+? MBbKb #vr?B+? 2 " QbQHT 'iB+H2b +[mB"
bi iB+ 2H2+i " B}+ iBQM- }2H/ +? ;BM;- M/ /BzmbBQM +? ";BM;)
T Q/m+iBQM Q7 mMBTQH " BQMb M/ "2mb2/iQT Q/m+2 ?B;?H
i?72 BM7Q K iBQM Q7 i?Bb T ~ ;" T? BBANMXM 7 QK U>BM/b-

6H K2 +? "BM M b r?22M T "iB+H2b 2 7Q K2/ BM Q T bb i?°C
i?72 ?B;? i2KT2 im 2 Q7 i?2 ~ K2- /B 2+i BQMBx iBQM Q7 ; b
+QM+2Mi° iBQMb Q7 TQbBiBp2 M/ M2; iBp2 BQMb M/ i?2 KBC
Q° BQMb 7°QK T iB+H2bX AM/22/- ~ K2b ;2M2" i2 H “;2 MmK#
+Hmbi2 b rBi? +QM+2Mi" 1B &M Ug NB;; 2i biRMAX h?2 ?B;?Hv
+QM+2Mi" i2/ BQMb M/ +? *;2/ +Hmbi2'b +iBp2Hv +QHHB/2 rBi
/[IBM; 2H2+i Qbi iB+ TQi2MiB HbiQi?2 bvbi2K- M/ 7Tm i?2" Hi2
;2M2° 12/ T "iB+H2b-bm+? bi?2B bBx2-b? T2- MyRKYbi HHBMN

ai iB+ 2H2+i B}mbBRNWM "iB+H2b iQ #2+QK2 +? ";2/ #v K2+? M
i?72v "2 b2T " i2/ 7 QK i?2 #mHF K i2°' B HQ Qi?2 bm'7 +2bX
+? “:;2/ #v bi iB+ 2H2+i'B}+ iBOM /m "BM; i?2B" 7Q K iBQM- “2bn
i° MbTQ iX h?2 i?°22 T'BK v K2+? MBbKb Q7 bi iB+ 2H2+i B}
2 QbQH T "iB+H2b /m"BM; i?2B" ;2M2 iBQM "2 2H2+i QHvVIB
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rBi? ?B;?@/B2H2+i'B+ +QMbi Mi "2 b2T "~ i2/ 7°QK bQHB/ bm"7
r?2mM i?22 bm'7 +2 Q7 bQK2 HB[mB/b Bb /Bb" " mTi2/ /m BM; i?2 7
iQKBx iBQM Q" #m##HBM;- M/ +QMi +i +? ";BM;-r?2M T "iB-
+? ;2Bbi Mb72 "2/ #2ir22M i?2 T 'iB+H2 M/ i?2bm 7 +2X
6B2H/ +? BBM? ";BM; #v mMBTQH "BQMb BM i?2T 2b2M+2 Q7
h?Bb K2+? MBbK Bb /2TBRX2B B M?@B-™Mi22 M2; iBp2Hv +? “;2/ TH
i?72 H27i M/ M2; iBp2BQMb 2T 2b2MiX q?2M M mM+? ;2/ bT~
BM mMB7Q K2H2+i B+ }2H/-Bi/BbiQ ib iRX¥2/HP/2 }R B2 B BNW BIiM
b?QrM "2T ' 2b2Mi i?2 i° D2+iQ°'B2b Q7 BQMbX 6Q° M mM+? ;2
p Hm2-Q72 ;°2 i2 i?2 MmK#2 Q7 }2H/ HBM2b i? i +QMp2 ;2 QN
BM i?Bb 2H2+i B+ }2H/ i p2H HQM; i?2 }2H/ HBM2b M/ +QHH
i?72 }2H/ HBM2b BMi2 b2+i i?2 T "iB+H2 M/ i Mb72 i?2B" +? °
#2+QK2b +? *;2/- Bi rBHH i2M/ iQ "2T2H i?2 HBF2@+? ";2/ BMH
6B;mMR¥&X h?2 " i2 Q7 BQMb "2 +?BM; i?2 T "iB+H2 /2+ 2 b2b b
+? ";2/X IHIiBK i2Hv-i?2 +? ;2 #mBH/bmT iQ i?2 TQBMir?2 2 N\
+QMp2 ;2QMi?2 T 'iB+H2é¢ebNB/MEBBNMb + M "2 +?i?2 T "iB+H
K tBKmK@+? ;2 +QM/BiBQM-i?2 T 'iB+H2Bb b B/iQ #2 ib im"’

6B;m 2 RXK2+i B+ }2H/ HBM2b 7Q° +QM/m+iBQM; T "iB+H2 BN

}2H/ rBi? M2; iBp2 TH i2 i H27iX V M mM+? ;2/ T "iB+H2X

T "iB HHv +? *;2/ T "iB+H2X +V T "iB+H2 ibim iBQM+? ;2
RNNKX

++Q /BM; iQREMIKD2 MMK#2  QMa? - ;2bmB 2/ #v bT?2 B+ HT il
Q7 /B KRj2Zim BM; {BHWRE M 2H2+EBB}2HV BQM MmK#2" +QM+2Mi’
N; Bb

3 Ec oD} eZ Nt
+2 e 4 o+ eZ;iN;t
r?2°2 Bb i?2 2H2+i B+ KQ#BHBBb Q72BIQMOBIMBpBiv Q7 i?2 p +mi
i?Bb 2[m iBQM i?2 }'bi irQ 7 +iQ b 2T 2b2M{ i22+aAM 7iBQM +

Nrield (t) = URX3V

bm{+B2Mi iBK2 i ;Bp2M +? ";BM; +QM/BiBQM,
E D2
n= S c 97 URXNV
+2 e
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h?2 " i2 Q7 +? “;BM; /Q2b MQi /2T2M/ QM i?2 T "iB+H2 bBx2 Q°
QM i?2BQM +QM+2Mi® iBQMX q?2M T "iB+H2b 2 BMi2MiBQM t
i?2BQM +QM+2Mi" iBEMBQ mbm iBHVWQ +? “;BM; rBHH #2 N8W -
BMjbQ H2bbX

6BM HHv-T "iB+H2b KBt2/rBi? BQMb #2+QK2 +? “;2/ #v  M/Q|
BQMb M/ i?2 T "iB+H2bX h?B/BZImdpBIbNd B + BiNi2/i?72 +QHHBbDB
“2bmHi 7°QK i?2 ""QrMB M KQiBQM Q7 i?2 BQMb M/ T “iB+H2t
MQi "2[mB 2 M 2ti2°M H 2H2+i'B+ H }2H/ M/-iQ 1} bi TT QtBK
QM i?2 T "iB+H2 K i2°'B HX b i?2 +? ;2 ++mKmH i2b- Bi T Q/r
iQ "2T2H //BiBQM H BQMb- "2/m+BM; i?2 +? ";BM; " i2X h?2 B
rBi? i?2 ; b KQH2+mH2b- ? p2 "QHixK MM /Bbi'B#miBQM Q7 p
QM i?2 T "iB+H2BM+'2 b2b-72r2° M/ 72r2 " BQMb ? p2 bm{+B2N
"2TmHbBp2 7Q +2- M/ i?2 +? ";BM;  i2 bHQrHv TT Q +?2b x2°
?2Qr2p2°- #2+ mb2 i?2 "QHixK MM /Bbi"'B#miBQM Q7 p2HQ+BiB:
TT QtBK i2 2tT ' 2bbBQM i FRM NRQK B2BMMIM-K#2" Qg #P ~;2b
+[mB 2/ #v DbT?2'B+ HT "iBFH2 (BzhBOBRM +? ";BM;m BM; |

Bb 2 oDpkT D,GeN
£ DT g4 DoGEMIT

(2 8 okT
r72°2 Bb i?2 T2 KBiiBpBiv Qk iPR i? 2 hM@HKixK MMT+@Mb?2Mi-
i2KT2 imBli?2 +? ;2 Q7 i?72 2H2K@®Bb ie2K2;M-i?2 K Hp2HQ+
Q7i?2BQMBHMP2B +QM+2Mi° iIBQMX Hi?Qm;?i?2Q 2iB+ H +?
bi?2 #Qp2- "2mbm HHvp HB/7Q bT?2 "B+ HT "iB+H2b QMHVv-
bm#biBimi2/ #v KQ#BHBiv 2[mBp H2Mi /B K2i2 X 1p2M BM i?2 T
}2H/-/BzmbBQM +? ";BM; Bbi?2 T 2/QKBM Mi K2+? MBbK 7Q" +°
02m BM /B K2i2  URNBMM Db -

Nyiff (t): URXRyV

RXjXE[mBHB# BmK +? ;2 /Bbi B#miBQM

IM+? ~;2/T "iB+H2b "2 "2#2+ mb2 Q7 M/QK+QHHBbBQMb T rBI
AM/22/-2p2 v +m#B+ +2MiBK2i2 10*7BOMbHQBIi?BWMD @@BHii2HvV 2]
MmK#2'b Q7 TQbBiBp2 M/ MRyyBY2BQMOKWIT iB+H2b i? i 2 B
M2mi® HrBHH +[mB 2 +? ;2 #v +QHHBbBQM rBi? BQMb /m2iQ i
2 QbQH T "iB+H2bi? i "2 BMBiB HHv +? ";2/ rBHH HQb2 i?2B
T "iB+H2b ii° +i QTTQbBi2HvV +? ";2/ BQMbX h?2b2 +QKT2iBM;
iQ M 2[mBHB# BmK +? ;2 bQHAIXK HWHR 2{P2BHB# BmK +? ;2 /Bb
h?2 H ii2° "2T '2b2Mib i?2 +? ;2 /Bbi' B#miBQM Q7 M 2 QbQH E
#BTQH ~BQMbX 6Q  2[m H+QM+2Mi' iBQMb Q7 TQbBiBp2 M/ M
TT QtBK iBQM 7Q° MQ'K H B - i?2ff Q#7iBQBIpOM BBXB+HEBM;



*2 Ti2" R iKQbT?2 B+ 2 °QbQH

TQbBIiBpM2QiBp2V 2H2K2Mi "v mMBib Q7 +? ;2 Bb ;Bp2M #v

exp(K g n?e?/ DpkT)

URXRRYV
exp(K g n?e?/ D,KT)

n=1

4
/B K2iPDyH ";2  iGOMM - Qp2 NNW Q7 i?2T 'iB+H2b+ ~"vMQ+? ;.
"2 11?2 "QHixK MM 2[mBHB# BmK +? ;2 /Bbi B#miBQMX h?2 T
T 'iB+H2b /"QTb i@BPRXEWIiB®H2b- RI¥IBW 7i@+H2b- M/ 9XjW 7Q
10m T "iB+H2b WygyMX-

r?2°Re = ;2 Bb i?2 *QmHQK#6b +QMD i 1MN 2hAMCAXBQ" T “iB+H2

RXjXpPQiBQM Q7 T 'iB+H2 BM M 2ti2"M H }2H/
hQ /2" Bp2i?2 2[m iBQM Q7 KQiBQM MQ HZI miB#A2BM/rBiBb 7Q
# HM+2 QM i?2 T "iB+H2-r?B+?r2r Bi2 BM p2+iQ  7Q K b

X
mpz—‘:: F, URXRKV

i
bHQM: bi?2T "iB+H2Bb MQi KQpBM;BM p +mmK-i?2/" ;7Q "
bQ H2i mb BbQH i2i?2/  :7Q +2 7 QK i?2bmKK iBOQM Q7 7Q +2

dv 3D X .
Mot = Ccp(u V) + Fei URXRjV

r?2 Rei /12MQi2b 2ti2 M Hi7Qb227Q +2 "BbBM; 7' QK 2ti2™M H TQ
bm+? b ;" pBiv M/ 2H2+i BZ BIb7iQ2+2dbMMMBM ;? K bHBT +Q "2+iC(
A7 T 'iB+H2? b M 2H2BNM BW 2R2+2 B+ }2HE Q MbAH2M i bi iB+
TQFRE=0gc +ibQMi?2 T "iB+H2X h?2 2[m iBQM Q7 KQiBQM 7Q"
gKQpBM; i pZHEMBrmB/ rBi? p BHRIPRIT 2b2M+2 Q7 M 2H2+i B
bi " 2MEIBb

md_v=3D b

P dt C.
i bi2 /v bii2BMi?2 #b2M+2 Q7 # +F; " QmM/ ~mB/ p2HQ+Biv-
bm+? i? ii?2 2H2+i B+ H7Q +2 Bb # H M+2/ #v

(U Vv)+ qE URXROV

aC

E URXRS8V

r?2\2 Bbi2 K2Ri22+i"B+ H KB B ® BINp 2HHY+ B2w M H23M 28 2 2H
KQ#BRBiv+? “;2/ T ZiBbH2

neC;
3D,

Z, = URXReV
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h?2 2H2+i'B+ H KQ#BHBiv Q7 T 'iB+H2 Bb /2}M2/ b i?2 iBQ
P2HQ+Biv +? “;2/ T "iB+H2 rBHH "2 +? BM mMB7Q K 2H2+i B
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