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ABSTRACT

This thesis concerns with aerosol formation from various
kinds of organic gases, especially conditions of formation and
particle size distribution wunder several experimental condi-
tions.

The word aerosol means the state in which solid particles or
liquid droplets, or mixture of them are floating in a certain
gas. There are many kinds of aerosols in nature, e.g. &ust
risen by wind, sea spray, volcanic dust, rainy cloud, fog, etc.

The aerosols which take their origin from vegetation are
estimated to reach 1/4 of all atmospheric aerosols. They are
organic aerosol. Photochemical smog, which is believed to take
its origin from humén activities such as exhaust of factories and
automobiles is important from the view point of environmental
problems. They are believed to be more or léss concerned with
the photochemical aérosol production related to organic com-
pounds.

Aerosols include many interesting subjects from the view
points of physiéal and chemical studies. Especially knowledge
about the aerosol formation related to photochemical processes
with organic compounds are limited yet.

In this thesis, it will be reported that many kinds of
organic compounds such as dichlorobenzene, pinene, etc. produce
aerosols when exposed to ultraviolet (UV) radiation of wave-
.lengths shorter than about 310 nm from a deuterium lamp (D2
lamp). The effective wavelength is much shorter than that for

photochemical smog. This thesis will be devoted to the study
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about these organic aerosols.

These compounds can be classified according to whether they
produce aerosol or not when exposed to the monochromatic UV
radiation from a KrF excimer laser (1=249 nm) or exposed to ozone
in the absence of UV radiation. The compounds such as aniline,

phenol and a-pinene are active with both stimulations. The com-

pounds such as dichlorobenzene and toluene are active with' only
UV radiation. The compounds such as benzoic acid and camphene
are inactive with both stimulations. The compound is not found
which is active with only ozone. These differences are discus-
sed.

Next the temporal change in the particle size distribution
of the aerosol produced from p-dichlorobenzene by continuous
exposure to UV radiation with wavelength 220 nm, with power den-
sity about 1 mW/cm2 ig optically measured. Two laser beams with
different wavelengths are applied into the aerosol as probes, and
the dependence of the scattered light intensity on the polariza-
tion and wavelength are measured. The measured dependence are
compared with the theoretically calculated dependence, which are
given by assuming the size distribution function which has
several adjustable parameters. These parameters are adjusted so
that the calculated and the measured dependence give good
agreement.

As a result, most probable particle size distribution is
obtained at each sampling time. Based on its temporal change,
the process of aerosol growth is discussed in detail. First many
particles of radii smaller than 0.1 um are produced homogene-
ously. The peak number density is about 3x106 particles/cma.

Then particles grow mainly by coalescence. In about 20 minutes,
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the stable state 1is established. The most frequent radius is

0.2 pm, the number density is about 5x105 particles/cm3 and the

4  m3/cm®. The breadth of

total volume density is about 1.5x10
the distribution first becomes broader, but becomes narrower as
coalescence progresses, and at the stable state, the distribution
is near monodisperse.

By wusing the same technique, another temporal change of the
particle size distribution is studied, where, unlike the previous
measuremeﬁt, the aerosol is rapidly produced by brief exposure to
UV radiation from a KrF excimer puise laser. The condensable
species are produced by applying several UV light pulses from KrF
laser at the beginning, then the temporal change of the particle
size distribution is observed without applying any more UV 1light
pulses.

The measured size distribution is largely different from
that obtained in previous experiment. The sharpening of the
‘distribution is not found. The distribution is developed rapidly
in the initial brief time (about less than 30 sec), then it was
spread broadly and its wing reached the radii of 0.3 um.

The aerosol formation experiments wusing a fully airtight
cell filled with pure argon (Ar) gas are also performed in order
to study the influence of surrounding gas, especially oxygen
(02), on aerosol formation. P-dichlorobenzene and a-pinene are
tested. The UV light source used here is the D2—1amp.

In both cases, the aerosol production is observed. However
there 1is a significant difference as follows. 1In the absence of
02, a lqrge amount of aerosol is produced from p-dichlorobenzene
and the prbducts are fully stable. As to the aerosol formation

from p-dichlorobenzene, the presence of O2 plays no significant
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role. On the other hand, the aerosol produced from a-pinene in

the absence of O2 is not stable and disappears soon. To
stabilize it, the presence of O2 in the surrounding gas is in-
dispensable. The stability of products may be caused by oxida-
tion.

From the attempt to identify the products by gas-

chromatograph-mass~spectroscopy, two kinds of pinene-monoxide, a-

campholene aldehyde and iso-pinocamphene are found in the
products from a-pinene. On the other hand, the constituents of
products from p-dichlorobenzene is not identified.

The aerosol producibility of p-dichlorobenzene is much
higher than other compounds. Then in order to study the in-
fluence of chlorine (Cl) in a raw material molecule on the
aerosol formation, aerosol producibilities of kinds of
chlorobenzenes are studied. The result is as follows. The
aerosol producibility of dichlorobenzene is the highest. Then
those of mono- and trichlorobenzene follow. The aerosol
producibilities of tetra- and hexachlorobenzene are much smaller
than those of previous three. The number of Cl in a molecule
seems not to correlate the aerosol producibility. The geometr-~

ical feature of molecule may be more dominant.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Aerosols

The word aerosol means the state in which solid particles or
liquid droplets, or mixture of them are floating in a certain gas
as shown in Fig. 1.1. Usually a group of particles whose radii

4 to 102 um is called aerosol. Rainy c¢loud, fog,

are from 10~
smoke of cigarette etc. are examples of aerosols. There are many
kinds of aerosols in nature, e.g. dust risen by wind, sea spray,

meteoric dust, volcanic dust, dust from forest fire, rainy cloud,

AEROSOL

L ] d . b
* > ® L PARTICLE
e ° o~
0.. .
« ®

‘e PY
* 9. 4 aas

Fig. 1.1 The word aerosol means the state in
which small particles are floating in a certain

gas.,

fog, haze of the mountain, etc. as shown in Fig. 1.2.1~7)

Since Went pointed out,e) it has been believed that volatile
oils secreted from plants react with ozone and produce aerosols.
Haze over a forest or a mountain is thought to be one of such
organic, aerosols.9~14) The aerosol which takes its origin from

vegetation is estimated to reach 1/4 of all atmospheric
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Fig. 1.2
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aerosols: On the other hand, there are many inorganic aerosols
in nature such as sea spray, volcanic ash, sandy dust, etc.l)

Some of natural aerosols are produced by mechanical forces
such as smashing and others are produced through chemical proces-
ses such as photochemical smog. So the natural aerosols are
extremely diverse from both Aview points of origin and con-
stituent.

On the other hand, there are aerosols which have their
origin from human activity. 'Smoke or dust from industry or traf-

3,14) Radioac-

fic decreases visibility and threatens our health.
tive aerosol from accident of nuclear reactor or nuclear explo-
sion test are recognized as environmental pfoblem. The
photochemical smog is also believed to take its origin.from ex-

haust of factories and automobiles.14’16)

That is an annual
threat in summer.

Recenfly there are many attempts to utilize various aerosols
in pharmacy, medicine, and engineering. Spray of medicine and
paint are popular.

A clean room for semiconductor industry or laboratory hardly
hates the dust such as aerosol. In this field, the technique of
aerosol handling is applied to monitor dust and remove it.

Fine particles of submicron size have large surface to
volume ratio and sometimes show high chemical activity or other
new characteristics which cannot be expected from the analogy of
the characteristics in bulk. It may not be suitable to classify
the fine particle into aerosols, for the word fine particle does
not necessarily mean the state of particles floating in a certain
gas. However, both have common characteristics. They are ex-

pected to be some new material in the next generation.
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Cluster is a group of a number of atoms or molecules, which
are bound with a weak force such as van der Waals’ force.
Cluster is one of aerosols, and its beam is utilized as a con-
venient method to traﬂsport materials onto a substratum such as
silicon wafer. This may be one of fhe aerosol application.

As presented above, aerosols are very familiar to us. 1In
addition, aerosols include many interesting subjects from the
view points of physical and chemical studies.3’4) when the dia-
meter of aerosol particle becomes comparable with the mean free
path of surrounding gas molecules, the hydrodynamics of aerosol
becomes very complex, for thé size of particle fall in the range
where it becomes invalid to treat the surrounding gas as con-
tinuous medium.

In the gravity, aerosols are generally unstable because of
the gravitational settling. However the life time of the sub-
micron aerosol particles that go into the stratosphere reaches
.more than years. The stratospheric aerosols are believed to be
concerned with the thermal balance of the earth and to have some
influences upon the climate, for instance, cold weather caused by
eruption of volcano.l’s)

The diffusion of aerosol in the atmosphere is also complex
problem. Recently the invention of a laser radar enable us to
monitor the stratospheric aerosol continuously. In addition, the
technology of deep space exploration such as Voyager Mission
enable us to discuss the atmospheric aerosols on the planets or

17) As to the behavior of aerosols

satellite other than the earth.
on the earth and the influence upon the global climate, the
researches have just started.

Since the size of aerosol particles become comparable with
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the wavelengths of visible light, the characteristics of light
scattering becomes peculiar. 1In this range, the treatment based
on the Rayleigh scattering becomes invalid and the treatment

based on the Mie theory is necessary.3’4’18’19)

If the shape of
particle 1is not sphere, problem becomes more complex. The light
scattefing of aerosol in the air influence the visibility, in
addition, is believed to be largely concerned with the thermal
balance of the earth or other celestial bodies as mentioned
before.

Our knowledge about those various features of aerosols are
limited yet in spite of its long history of studies. Many ques-—
tions remain to be studied, for instance, total amount of aerosol
in nature, its origin, constituent, physical and chemical.proces—
ses of formation and growth (including photochemical processes,
gas~-to-particle conversion, temporal change of particle size
distribution- and its dfiving force, etc.), hydrodynamical
behavior, light scattering characteristics, influence upon human

health or global climate, and applicability for new material

engineering.
1.2 Photochemical Aerosols

Photochemical aerosol formation is one of the most important
subjects in aerosol -studies. The research on photochemical
aerosols covers ffom photochemical smog, blue haze over a forest
or a mountain, stratospheric aerosol on the earth and other
planet or satellite, to some artificial aerosols.

The sunlight related to the photochemical smog (hereafter we
will consider the aerosol on the earth) are limited in visible

20,21)

range. Since the ultraviolet rays in solar radiation is cut



6 CHAPTER ' 1

by thick air and ozone layer at upper atmosphere, it cannot reach
so lower atmosphere near the ground level as to contribute to the
photochemical aerosol formation. In this respect, nitrogen

dioxide (NOZ) is the only absorber at the lower atmosphere relat-

ed to photochemical smog.21) NO2 is included in exhaust from

factories and automobiles. NO2 absorbs the 1light of visible

range and dissociates. As a result, O, 03, NO, N03, NZOS and
HNO3 are produced as ’

NO, + hv -—=> NO. + O 290<1<430 nm , (1.1)

o2 + O + M -—=> 03 + M, (1.2)

o3 + No2 -—=> NO3 + 02 ’ (1.3)

NO2 + NO3 - NZOS (1.4)
and

Ly ‘ 21)
N205 + HZO - >v ZHNO3 . (1.5)

If the atmosphere contains organic compounds, series of very
complicated reactions take place, and, as a result, many kinds of

radicals or active molecules such as CO, CZHS’ HCO, OH, O, 03 are

produced. They attack: organic compounds and produce condensable
species of low vapor pressdre, leading to be aerosol
particles.14) In addition, if the atmosphere includes SOZ’ 802 is

oxidized by reactions with these radicals, as a result, mist of
sulfuric acid is produced. The mist of sulfuric acid is one of
the causes of pungency of photochemical smog. SO2 is also an

absorber of sunlight other than NO2 as follows,

S0, + hu --- Iso 290<1<330 nm , (1.6)
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lgo* 4+ M = 350 + M (1.7)
2 2

350 + o, + M ——=> S0, + M (1.8)
2 2 4 ' .

350 + o0, --=> s0. + o© (1.9)
2 2 3 .

and
21) :
S0, + H,0 ---> HyS0, , (1.10)

where 1502 and 380; represent the excited singlet state and the
excited triplet state of SO2 respectively. The photochemical
oxidation of SO2 described above is, however, too slow to con-
tribute in production of sulfuric acid. The photooxidation of
SO2 is negligible compared with the oxidation by the reactions

21) This 1is the outline that has been

14,21,22)

with other radicalé.
recognized as processes of photochemical smog so far.
However, our knowledge is limited yet about the constituents of
organic aerésols produced through these reactions, the details of
complex photochemical processes including organic compounds, the
mechanisms of particle growth, etc.

The haze which can be seen over a forest or a mountain is
called "blue haze".g) Its blue color is the origin of the name
"blue mountain", which is popular as a name of mountain all over
the world. Blue haze 1is believed to have its origin from
terpenes, volatile oils secreted from plants. Terpenes quickly
react with ozone, where ozone is produced photochemically in the
atmosphere. As a result, oxides of low vapor pressure are
produced. The oxidized terpenes condense and form chemically
stable aerosols. The size of produced particles are smaller than

the wavelength of visible light, so that they strongly scatter



8 CHAPTER "1

light in blue range, namely they look blue.g’ll’lz)

There are photochemical aerosols produced artificially in

18,23~29,46) "Laser snow" is one of the aerosols

laboratories.
produced by laser-inddced photochemical reactions. The aerosol
is produced from the mixture of gaséous alkali and hydrogen under
the exposure to the laser beam from a dye or an argon ion laser
(for example, 1=488.0 nm for NaH laser snow). The product has
been identified as alkali hydride crystalline particle.ls’zs"zs)

"Benzene aerosol" is produced from the vapor of benzene
under the exposure to ultraviolet rays from a krypton fluoride
excimer laser (KrF laser, 1=249 nm). The constituent of product
has not been identified,26~29)

Many experiments have been done to simulate photochemical
smog . In many types of smog chambers, kinds of compounds have
been tested under the irradiation of sun 1light as well as
simulated 1light sources such as a mercury 1amp.9’14’15’30’37)
Today, many kinds of organic and ‘inorganic compounds " are
recognized as causes of photoéhemical smog, and the guides in
controlling air pollution are established. However, many
fuhdamental questions remain, the constituent of products, espe-
cially of organic products, details of photochemical processes,
mechanisms of aerosol growth, etcﬂ14)

Recently we found that many kinds of organic compounds such
as dichlorobenzene, pinene, etc. produce aerosols when exposed to
ultraviolet radiation (UV) of wavelengths shorter than about

310 nm.38’51x

The effective wavelength is much shorter than that
for photochemical smog. In the case of photochenical smog, light
in the visible range is of important. The UV radiation with such

short wavelength as in the case of our organic aerosol formation
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cannot reach 1lower atmosphere, for the thick air and the ozone
layer cut it at upper atmosphere. Therefore our organic aerosols
have many new features which are different from those of
photochemical smog. This thesis will be devoted to the study
about these organic aerosols.

As mentioned above, various kinds of photochemical aerosols
are known and studied. However, our knowledge about them are
limited yet. There are many problems to be studied. This work
aims to shed 1light on some subjects of aerosols through the
aerosol produced from organic compounds by UV radiation. We hope

this work will be an aid in aerosol researches.
1.3 Outline of Present Work

In this thesis, we present the photochemical aerosol forma-
tion from twenty kinds of organic compounds by UV radiation.
We first discovered the phenomena by chance when we were

working over a hand-made argon ion laser(Ar+ laser).38)

Hating
that dusts in the air across the light pass of the Ar+ laser, we
covered the light pass from the Brewster window to the output
mirror with a transparent glass tube. In a few minutes, a large
amount of aerosol was produced in the tube (Fig. 1.3). The
particles scattered the laser beam strongly. The photochemical
aerosol formation was not induced by laser emission, for the
aerosol was produced when the electric discharge occurred without
laser emission. The aerosol was found to be produced by the UV
radiation from the Ar discharge tube. The material origin was
estimated to be a small amount of organic compound in the air of

laboratory. Since the discovery, we have tested various organic

compounds, mainly aromatics and terpenes, changing the UV radia~
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BREWSTER WINDOW AEROSOL

LASER BEAM
DISCHARGE LASE
TUBE
MIRROR GLASS TUBE \ MIRROR

LIGHT SCATTERING

Fig. 1.3 Experimental setup for aerosol forma-

tion with a discharge tube of argon ion laser.

tion source from the Ar discharge tube to a deuterium lamp (D2-
lamp) or a KrF excimer laser.51)

Let us illustrate the aerosol formation from p-
dichlorobenzene by UV radiation from the Dz—lamp. ~We put a . bit
of p-dichlorobenzene, which is powder of white crystal at room
temperature, at a bottom of 50 cc. cylindrical glass cell, for
example, a Dbeaker (Fig. 1.4). Holding the mouth of the cell to
the window of the Dz-lamp, which radiates the UV radiation of
continuous spectrum from 180 to 400 nm in wavelengths, we turn
the lamp on. In a few seconds, white smoke appears in the the
cell. The aerosol formation from p-dichlorobenzene is observed
in this way.

Chapter 2 is de?oted to such aerosol formation experiments,
where we usé two kinds of UQ radiation sources, the Dz-lamp and
the KrF exéimer‘laSer. The former radiates the UV light with a

continuous spectrum from about 180 to 400 nm. The 1latter

radiates the monochromatic UV light with wavelength 249 nm. In
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o AKEQEROSOL
Da-LAMP E LIGHT SCATTERING

A\
FXEN, S EXIRN X L35 i
BEAM
& He-Ne LASER

P - DICHLOROBENZENE

Fig. 1.4 Experimental setup for aerosol forma-

tion with a deuterium lamp (Dz-lamp).

this experiment, we test more than twenty kinds of organic com-

pounds, such as p-dichlorobenzene and a-pinene. 1In addition, we
study the aerosol prodhcibility of organic compounds when they
react with O3 in the absence of UV radiation.v We discuss pos-
sible chemical processes to produce aerosols in the different
experimental situations described above.

In Chapters 3 and 4, we report on the measurements of size
distribution of the aerosol produced from p-dichlorobenzene and
its temporal change. Our measurement is based on the wavelength-
and polarization-dependence of light scattering from the produced
aerosol particles.71)

In Chapter 3, we describe at first on the principle of
measurement and propose its application to the measurement of
particle size distribution of aerosol produced from pP-
dichlorobenzene under the UV irradiation from the Dz-lamp. Based

on the measured temporal change of size distribution, we discuss

the processes of aerosol growth in detail, In Chapter 4, we
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present the similar measurements of size distribution of aerosol
produced by UV radiation from the KrF laser. We apply UV radia-
tion pulses from the KrF laser only at thé beginning, whereas in
the case of Dz-lamp, ﬁhe uv radiation. is continuously applied.
Difference between these cases aré discussed. The raw material
of aerosol is p-dichlorobenzene in both measurements.

In Chapter 5, we attempt several experiments to study
various properties of the aerosol and its formation. Using an
airtight cell, we try to produce aerosol in pure Ar gas, which is
aiming to make clear the role of O, in the photochemical proces-

2

ses. We test both p-dichlorobenzene and a-pinene.

We also try to identify the constituents of product by gas-
chromatograph-mass-spectroscopy and infrared-spectroscopy. In
addition, the differences of aerosol formations from mono-, di-,
tri-, tetra- and hexachlorobenzene are discussed.

Chapter 6 is devoted to the general conclusions. We yill

summarize the present work.
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CHAPTER 2

PHOTOCHEMICAL AEROSOL FORMATION FROM ORGANIC GASES

2.1 Introduction

A large part of aerosols in the atmosphere is believed to

1)

take its origin from vegetation. Organic compounds such as
terpenes, which are the volatile o0ils secreted from plants,
produce aerosols by reactions with ozone (03) in the

.9~12’14’39) The haze over a forest or a mountain is believed

air
to be produced in this way. On the other hand, the aerosols that
take their origin from the petroleum industry are importaﬁt from
the view of environmental problem.14’16) Organic compounds such
as aromatics are believed to contribute largely to the outdoor
photochemical smog. Contrary to the case of terpenes, aromatics
are generally low reactive with ozone.14’40’41)

In this way, the organic aerosol formation is known to play
an important role- in the outdoor photochemical smog. However
there are sill many problems to be researched; constituents of
products, physical and chemical, especially photochemical proces-
ses of aerosol formation and growth, influence on visibility and
human health, etc.

In this chapter, we show that twenty kinds of organic gases

such as p-dichlorobenzene (aromatic} or a-pinene (terpene)
produce aerosol in the air under the exposure to the wultraviolet

(uv) radiation.SI)

The aerosol formation from such gases can
easily be observed even in a very simple setup. as mentioned in

Sec., 1.3 (Fig. 1.4), which consists of a beaker and a deuterium
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lamp (Dz—lamp) emitting the UV radiation with a continuous
spectrum of wavelength froh 180 to 400 nm. The raw material, for
example a small amount of powder of p-dichlorobenzene, is put in
the beaker, then it is sealed rough}y with the window of the D2—
lamp. In a few seconds after the switch-on, one may find the
appearance of white smoke in the beaker. When some visible laser
beam such as a helium ﬁeon laser (He-Ne laser) is applied, the
strong light scattering from produced particles is observed.

Though the effective wavelength to produce the aerosol is
different a little for each compound, the compound which produce
aerosol by the UV radiation with wavelengths longer than about
310 nm is not found so far. The UV radiation with wavelengths
shorter than about 310 nm is essential to produce the aerosol.
These wavelengths are muchléhorter than in the case of lower
atmosphefic photochemical aerosol.5’20'21’42) The UV radiatién of
such short wavelengths in the solar radiation cannot reach the
lower atmosphere near the ground level because of the absorption
at upper atmosphere.

The Dz—ldmp we used as a UV radiation source radiates con-
tinuous spectrum from 180 to 400 nm in wavelengths, which can
excite and/or dissociate the organic molecules and also produce
ozone from the air as well. BothAof these processes can con-
tribute to the aerosol formation. To separate these two effects,
we used a krypton fluoride excimer pulse laser (KrF laser)
operated at the wavelength 249 nm, which is too long to produce
ozone, whereés it»can excite organic molecules. We found sixteen
kinds bf orgénic'compounds of the twenty produce aerosol by the
KrF laser.

On the other hand, it is known that organic compounds such
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as a—-pinene produce aerosol by reaction with

ozone.8’9'14’35’39’43)

To make clearer roles of ozone, we also
studied the aerosol productions from organic gases by the reac-
tion with ozone in the absence of UV light.

Two types of lgser—induced aerosol formations have been
reported so far; "Laser Snow" and "Benzene Aerosol". The Laser
Snow is the particles produced when the alkali-metal atoms and
molecules mixed with hydrogen gas are exited by a dye or an Argon
ion laser. The product has been identified as alkali hydride
crystalline particle.18’23~25) Benzene Aerosél is produced frém
the vapor of benzene under the exposure to the UV radiation from
a KrF excimer laser. The constituent of product has not been
identified so far.26~29) Benzene Aerosol may be largely concerned

with our organic aerosol.

2.2 Aerosol Production Experiments with

Ultraviolet Radiation and Ozone
2.2.1 Aerosol Formation with Ultraviolet Radiation

The organic. compounds that we studied are listed in
Table 1; They belong to aromatics, cycloalkanes or ﬁerpenes.
The compounds marked with %X in Table 1 are those known to be more
or less concerned with the origin of the outdoor photochemical
smog . Tﬁe photochemical aerosol formations from the gases con-
taining those compounds are observed so far in several smog
chamber experiments.g'ls’14’35'40’41)

The experimental setup is shown in Fig. 2.1. We put a few

bits of or a few droplets of the compound in the cell. The cell

was 1x2x4.5 cm3 in dimension and made of quartz which was tran-

sparent to UV radiation of wavelengths longer than 180 nm. It



16

00

Y

TRANSMITTANCE / %
W
o

1 3 00 o 1 0 24

0 (! 1 f 1.1
200 300
'WAVELENGTH / nm

400

Uv CUT
Dy-LAMP FILTER

’ or
KrF LASER ;@ m

CHAPTER 2

He~Ne LASER

COMPQUND

™) A N

M,
/ \DZ--LAMP

/ fofsen \\

RELATIVE INTENSITY/ %

(=]

200 300
WAVELENGTH / nm

400

Fig. 2.1 Experimental setup for photochemical

aerosol formation by ultraviolet (UV) radiation.

(a) Transmittance characteristics of UV-cut

filters (1~5) used tb determine the threshold

wavelength of UV light in photochemical aerosol

formation, and (b) spectra of radiations of two UV

light sources, the deuterium lamp (Dz-lamp) and

the krypton fluoride excimer laser (KrF laser).
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was filled with clean and particle-free air at 1 atm, at room
temperature.

We wused +two UV radiation sources. One was a Dz-lamp with
5 cm in diameter, which radiates the UV light with a continuous
spectrum from 180 to 400 nm in wavelength as shown in
Fig. 2.1(b). The total power density was about 200 mW/cm2 at the
position of the cell. The other was a pulsed KrF laser . which
radiates monochromatic 1light with wavelength 249 nm as shown in
Fig. 2.1(b). The power density was about 100 mJ/cm2 per a pulse
at the position of the cell.

The formation of aerosol was detected by monitoring the
light scattering of a He-Ne laser. In the case of the .Dz-lamp,
we applied the uv light to the cell for a few minutes, and
observed whether aerosol was produced or not. In the case of the
KrF laser, we applied the several UV light pulses and observed.

Inserting UV-cut filters of different cutoffs between the
Dz-lamp and the cell, we determined the longer limit of the UV
radiation wavelengths effective in producing aerosol. The
filters used here had their cutoff wavelengths at 220, 250, 270,

290 and 310 nm respectively as shown in Fig. 2.1(a).

2.2.2 Aerosol Formation with Ozone

in the Absence of Ultraviolet Radiation

To study the reaction of each compound with ozone in the
absence of UV light, we performed the additional experiments with
a setup shown in Fig. 2.2. Ozone was produced by the electrical
discharge in the flow of oxygen (02), then it was led into the
cell .which contains one of the compounds. The cell was carefully

isolated from the UV radiation due to the discharge. Then we
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| TESLA COIL

AEROSOL

Fig. 2.2 Experimental setup to study the activ-
ity of each compound with ozone. Ozone is produced

by gaseous dischapge.

observed whether the aerosol was produced or not. .
2.3 Experimental Results

The experimental results are shown in Table 2.1. In the

case of the D2-1amp, all of the tested compounds produce

aerosol. Among these compounds, benzoic acid, diphehyl,
cyclohexane, camphene and camphor do not produce aerosol in the
case of the KrF laser. As to the experiments with ozone,
aniline, phenol and styrene in aromatics and a- and g-pinene,

isoprene and limonene in terpénes produce aerosol by reaction
'with ozone in the absence of UV light.

The valué lgh in Table 2.1 represents threshbld wavelength,
i.e. the radiation with wavelength longer ‘than 1,, does not

contribute to aerosol production. The cutoff characteristics of
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D2— KrF—- ozone lth
lamp laser (nm)
AROMATICS
aniline CGHSNH2 o o} O 310
phenol CGHSO” O »O o} 250
styrene" CgHECH=CH, O o o 310
benzene* CSHG O o X 310
chlorobenzene CSHSCI o) (o} X 290
o—dichlorobenzene C6H4Cl2 O O X 270
m— ' o] O X 310
P (o] o] X 270
naphthalene C,.H O o] X 220
*® 108
toluene CGHSCHS o o} X 250
X
xylene C6H4(CH3) 9 O O X 250
benzoic acid CSHSCOOH o X X 220
diphenyl CGHS-CGH5 o} X X 220
CYCLOALKANE
cyclohexane CGHIZ o) X X 220
TERPENES
*K
a-pinene C10H16 O o} o} 310
*
B- o] o] (o] 250
isoprene” CgHg o o o 250
R *x
limonene C10H16 o o (o] 250
camphene CIOHIG O X X 220
camphor ClOHIGO O X X 220
O iviiiennns aerosol observed
D, S no aerosol observed
Table 2.1 Raw materials of organic aerosols. The

compounds marked with ¥ are believed to be more or

14)

less concerned with photochemical smog.

19



20 CHAPTER 2

UV-cut filters used to determine the threshold wavelength i;y, are

not sharp so that there remains the uncertainty of the threshold

value lth' However we know that the radiation of wavelengths at

least shorter than about 310 nm is indispensable for aerosol

production and the value of Aeh is dependent on the compound.
2.4 Discussions and Conclusions

All the tested compounds produce aerosol under the exposure
to the UV radiation from the D -lamp. Many other compounds are
expected to produce aerosol under the similar conditions. |

The spectrum of the UV radiation from the D -lamp spreads
continuously from 180 to 400 nm in wavelength. Many of organic
compounds have their absorption bands in this range, so they are
expected to be excited or dissociated by the UV ‘radiation from

the D2 lamp;

X + hy ---> X%, ' (2.1)°

) X .
where X represents the organic molecule, and X represents its
excited molecule. As a result of the reaction above, a certain
condensable molecule X’ is produced by the reaction with another

molecule or by dissociation;

x* cey X (2.2)

Then X' is condensed to be aerosol;

(X’)n e aerosol . (2.3)

Let us call the process of this type - "the process related to
light absorption".
Under our experimental conditions, there are some possible

UV absorbers in addition to organic compounds, e.g. OXygen (02),
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nitrogen (Nz), water (H20) and carbon dioxide (002) in the air.
1)

These molecules are known2 to absorb the radiation with wave-

lehgth shorter than about 250 nm and dissociate;

02 + hy ---> O + O 21<¢242 nm, (2.4)

Hy0 + hy ---> O + OH 1<242 nm, (2.5)
and

CO2 + hy ---> CO + O 1<228 nm . (2.6)

With respect to nitrogen (Nz), the wavelengths of the radiation
from the Dz-lamp are too long to dissociate it.

The radicals produced in reactions (2.4)~(2.6) may react
with organic molecules studied here and produce some condensable
species. Especially we pay attention to the reaction (2.4),
which leads to the production of ozone (03). Ozone may oxidize
partially some of organic compounds studied here and produce

condensable compounds;

O2 + hy =+ 05 » 1<242 nm (2.7)

O3 + X cee> Y , (2.8)
and

(Y)n «++> -"aerosol, (2.9)

where Y is the oxide of compound X. Let us call ‘this type of
process "the process related to ozone", since the UV light does
not play a direct role in aerosol formation.

The reactions of olefins, aromatics, terpenes, etc. with
ozone and other radicals such as O or OH are studied so far, as a

result, it is believed that the reactions of olefins and terpenes
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with ozone contribute largely to outdoor photochemical smog, on
the other hand, aromatics generally have low activity with ozone
and reactions . wWith OH radical are more

important.14’21’30’40’44’45’47~50) of

course, in the case of
outdoor photochemical smog, ozone and other radicals are not
produced through reactions (2.4)~(2.7). ‘Thé wavelengths of the
sunlight related to outdoor photochemical smog are too long to
cause reactions (2.4)~(2.7) directly. Ozone and other radicals
are believed to be produced as results of complicated photochem-
ical reactions starting with the 1light absorption by nitrogen
dioxide (NOZ), which is the only absorber of the sunlight of
visible range.21)

In our case, for the compounds that produce aerosol by the
reaction with ozone in ‘the absence of UV light, the process
related to ozone must also be included in the photochemical
aerosol formation. For example, a-pinene produces aerosol in
‘both cases of the UV radiation from the D2 lamp and ozone in the
absence of UV light. Under the exposure to UV radiation, it is
believed that ozone produced photochemically from the air reacts
with a-pinene and produce aerosol.

Contrarily, the process related to light absorption may play
major roles for the compounds that are low reactive with ozone.
For example, p-dichlorobenzene produce aerosol in the only case
of the UV 1light. Therefore photochemical process with p-
dichlorobenzene is major. Though ozone may be produced under the
.exposure to UV radiation, it may not play major role in aerosol
formation. |

On the other hand, the spectrum of UV radiation from the KrF

laser is monochromatic at 249 nm in wavelength. Then the process
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related to 1light absorption may be possible, but the reactions
with ozone (2.7)~(2.9) will be very slow, because it is known
that ozone 1is not produced at this wavelength as seen the reac-
tion (2.4). So we can neglect the process related to ozone in
the case of aerosol production by the KrF laser. In this case,
the initial reaction must be the UV absorption of organic
molecule, i.e. the reaction (2.1). Similarly the broéesses
related to reactions (2.5) and (2.6) must be also negligible.

Of course, complicated. prhotochemical reactions including
organic compounds may produce ozone or other active molecules as
in the case of outdoor photochemical smog. However, it can be
said that the photochemical production of such active species is
not the initial reaction to produce aerosol. The initial reac-
tion must be the UV absorption of organic compound, i.e. the
reaction (2.1).

As mentioned already, all compounds 1listed in Table 2.1
produce aerosol under the presence of the UV radiation from the
Dz-lamp, and some of them produce aerosol by the light from the
KrF laser at 249 nm and/or by the reaction with ozone under no
irradiation of UV light. So the compounds studied here can be
classified into following four types.

Type 1: active to both of the the KrF laser light and
ozone. Aniline, phenbl, styrene, a- and g-pinene, isoprene and
limonene belong to this type. Each of them has different lth’
which suggests that not only the reaction with ozone but also the
process related to light absorption are important to produce
condensable molecules.

Type 2: active to the KrF 1laser 1light but inactive to

ozone. Benzene, chlorobenzene, o- , m- and p-dichlorobenzene,
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naphthalene, toluene and xylene belong to this type. They are
aromatics. There is no .compound of this type belonging to
terpenes. As the compounds of this type h;ve low reactivity with
ozone, the process 'related to ozone is not dominant, and the
process related to the light absorption must be essential.

Type 3: inactive to the KrF laser light but actiQe to
ozone. In this case, the light absorption by organic compounds
is not essential, and only reaction with ozone is important in
production of aerosol. However, as seen in Table 2.1, there is
no compound belonging to this type as far as we tested.

Type 4: inactive to both the KrF laser light and ozone.
Benzoic acid, diphenyl, cyclohexane, camphene and camphor belong
to this type. All values of lth for this group are shorter than
220 nm, which is consistent with the inactivity to the KrF laser
light at 249 nm in wavelength. Therefore the process related to
the 1light absorption with wavelengths shorter thgn 249 nm or the
"process related to the photodissociation (2.5) or (2.6) must be
essential.

As mentioned before, a hydroxyl radical OH is thought to be
important in the outdoor photochemical smog related to

aromatics.14’21’50)

in our cases, O, OH or CO may play the
similar role. However, if the reaction (2.5) or (2.6) 1is
dominant in all cases, the value Aen must be determined as the
threshold wavelength of reaction (2.5) or (2.6), which dose not
explain experimentally obtained dependence of 1,, on the com-
pounds.

Terpenes ha?e been believed to react quickly with ozoneb and
produce partially oxidized compound with low saturation pressure,

8,9,14)

which results in the production of aerosol. We have,
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however, found exceptions such as camphene and camphor. In ad-
dition, even terpenes, which are highly reactive with ozone, do
not belong to the type 3 but to the type 1, that is, there is an
additional process to produce aerosols, which is free from ozone
and is related directly to the light absorption of terpenes.

In the present work, we have found twenty kinds of organic
compounds that produce‘ aerosol by the UV radiation with wave~
lengths shorter than about 310 nm. The roles of the UV 1light
which can be considered are (1) to produce ozone which oxidize
the compounds and (2) to excite compounds to electronically ex-
cited states and partly vibrational states in the ground state,
which leads to the reaction with other molecules to produce con-
densable molecules. We have found that in addition to (1), (2)
and the simultaneous process (1) and (2) are also important in
production of aerosol, the processes depending strongly on the

kind of organic compounds.
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CHAPTER 3

SIZE DISTRIBUTION OF AEROSOL PRODUCED FROM P-DICHLOROBENZENE

BY CONTINUOUS EXPOSURE TO ULTRAVIOLET RADIATION

3.1 Introduction

In general aerosol consists of many particles with different
size. The distribution of particle size is given by a particle
size distribution function. The typical definition of a particle

size distribution is

dN = f(a)-da, (3.1)

where dN represents the number density of particles with radius
between a and a+da.3’4)

The particle size distribution changes every momént as
particles grow. The mechanism to change particle size dis-
tribution is, for example, coalescence. Coalescence 1is the
pfocess in which two particles coalesce each other and produce
one larger particle as shown in Fig. 3.1(a). The number of small
particles decreases and that of larger particles increases,
whereas, the total volume of particles does not change. Another
typical process is condensation. Condensable molecules, which is
too small to be called a particle, are condensed into particles
as shown in Fig. 3.1(b). .Both the number and the volume in-
crease. There_is a process called depbsition. In this process,
condensable moleéules deposit onto a surface of larger particle,

where the volume increases but the number of particles 1is con-

servative (Fig. 3.1(c)). One may say that there is no clear
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Fig. 3.1 Basic mechanisms of aerosol growth,

where @ - condensable molecule and O - particle.

boundary between a condensable molecule and a very small
particle, therefore it 1is nonsense to distinguish condensation
from coalescence. However there is, in general, a clear gap
between a molecule and a small particle. A particle which con-
sists of a number of has a certain minimum radius. Even if the
vapor of condensable molecule becomes supersaturated, the
particle of radius smaller than the minimum cannot grow and will
evaporate soon. If a particle of radius larger than the limit is

5)

produced by chance, it can grow. Therefore we can usually dis-
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tinguish a molecule and a small particle. We do not count
molecules as particles. Then we call the coalescence between
molecules "condensation", the coalescence between particles

"coalescence"” and the coalescence between molecules and particles
"deposition" wifhout confusion. .In addition to this clas-
sification, the process in which molecules deposit on a particle
is also called "heterogeneous nucleation", whereas, the process
in which molecules condense each other without nuclei is called
"homogeneous nucleation"”. This is the classification based on
whether the nucleus as a center of deposition exists previously
or not. |

The temporal change of particle size distribution give us
much information about these aerosol formation and growth proces-
ses., If we obtain the particle size distribution, we also know
the total number (N

radius (R surface (Stotal) and

total)’ total)’

volume (V ) of particles by calculation. They are defined

total

‘respectively as follows:

<«

Ntotal=Jo f(a)da , ‘ - (3.2)

Rtotalzjo a-f(a)da , (3.3)

S =Jto 4xaz-f(a)da (3.4)

total 0 ! *
and

[T 4 ,a3.

vtotal-Jo 4 xad-f(a)da , , (3.5)

where we suppose that the produced particle is spherical. Let us

S and

consider the case that the temporal change of Ntotal’ total
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TIME

Fig. 3.2 Example of temporal changes of total
number (Ntotal)’ surface (Stotal) and volume
(vtotal) of aerosol particles, From this, much

information is obtained about aerosol growth.

\ are given as shown in Fig. 3.2. At the beginning, there

total

is no nucleus, then supersaturated molecules condense each other,

and produce many but small particles. Ntotal and vtotal

increase. Once a large number of particles are accumulated in

rapidly

the air, coalescence between particles occurs, as a result,
Ntotal decreases. If the process of this stage is due to purely
coalescence, Vtotal must be conservative. As Vtotal is in-

creasing, we know that deposition of molecules onto a surface of
large particle exists, As described above, we can know much

about the aerosol growth from the changes of Ntotal’ Rtotal’

S and V

total total®
The measurements of the temporal change of particle size
distribution of aerosol are, however, not so many, and they

mainly consider the coalescence of homogeneous oil droplets or
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52~54,61)

smoke @particles. As to the aerosol production by

photochemical process, "where homogeneous nucleation and
heterogeneous one complicatedly combine toéether, the growth of
aerosol, especially the temporal change of the size distribution
has not been studied in detail so far, except for several
studies.

Husar et al.32)

prepared 90 m3 polyethylene balloon con-
taining the environmental air, and observed the aerosol formation
which occurs when the balloon is exposed to the solar radiation.
They measured the size distribution of the aerosol and its
temporal change with Whitby Aerosol Analyzer, and compared the
results with the real Los Angeles photochemical smog. The raw
material was not, however, identified.

Sato et 31.18)

studied in detail the temporal change of the
particle' size distribution of Laser Snow. They produced aerosol
from the mixture of cesium vapor and gaseous hydrogen by exposure
to laser beam from an Ar+ laser) and measured the particle size
by the method based on the light scattering from particles.

As described in Chapter 2, we found that twenty kinds of
organic compounds produce aerosol when the vapors are exposed to
ultraviolet (UV) radiation with wavelengths shorter than about

310 nm. The raw materials mainly belong to aromatics such as p-

dichlorobenzene, and terpenes such as a—pinene.SI) In this

chapter, we report on the optical measurements of +the temporal
change ofiythev size distribution of aerosol.produced from p-
dichlorobenzehe (CGH4012) by UV . radiation. Though p-
dichlorobenzene produces much larger amount of aerosol than other
materials tested in Chapter 2, it has not been drawn attention in

the researches for photochemical smog.14)
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Let us here refer to the conventional measurements of
particle size distributions which are based on the 1light scat-
tefing. The method which is based on the polarization ratio has

55~61) The

been applied to some quasi static aerosol systems.
outline of the method is as follows. When the incident light is
nonpolarized, the polarization ratio is defined as the ratio of
two components of the scattered light, the one polarized parallel
and the other polarized perpendicularly to the piane of observa-

tion defined as the plane which contains the direction of prop-

agation of incident 1light and the direction of observation as

INCIDENT PLANE OF
LIGHT OBSERVATI

g . - |
-/ e . .
“opole
/ i" L
SCATTERED
LIGHT
Fig. 3.3 Definition of polarization ratio p,

where incident light is not polarized.

Fig. 3.3. The polarization ratio is very sensitive to the
particle size and the angle of observation, which is defined as

the angle g8 between the direction of propagation of incident

light and the direction of observation (Fig. 3.3). In the method
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of polarization ratio; the dependence of the ratio on the angle
are measured. For an assumed particle size distribution func-
tion, the dependence are theoreticélly' calculated by the Mie
formula. Comparing tﬂe theoretically calculated dependence with
the measured dependence, one can determine whether the assumed
function.is fit or not. This is the outline of the method of the
polarization ratio. Kerker et al.Gl) applied this method to the
colloidal sulfur and reported the temporal change of its particle
size distribution. They assumed the log normal distribution
function which will be mentioned later as Eq. (3.24). Assuming
the Stevenson distribution function (Eq. (3.26) mentioned later),

Heller et al.56)

applied the method to the measurement of
particles of polystyrene.

Using the polarization ratio method, one can determine only
the relative frequency of distribution because he measure only
the ratio of the components of the scattered light. In  our
present work, we .do not use the dependence of the polarization
ratio on the angle of observation but tﬁe dependence of the scat-
tered light intensities on the polarization and wavelength. We
measure the absolute intensity of scattered light, which enables
us to determine the absolute value of size distribution. In
addition, we simultaneously assume several different distribution-
functions, in which the 1log normal and the Stevenson are alsp
included, and compare their advantages and disadvantages.

We first produce aerosol from the vapor of P-
‘dichlorobenzéne by continuous irradiation of UV radiation. Then
we apply two laser beams with different wavelengths into aerosol
as probes, and measure the dependence of the scattered light

intensity on the polarization and wavelength at the angle of
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observation §=90*. The measured dependence are compared with the
theoretically calculated dependence. The theoretical dependence
aré calculated by assuming the size distribution function which
has three adjustable parameters. These parameters are adjusted
so that the calculated and the measured dependence give good
agreement.

The necessity to assume previously the size distribution
function seems to be a disadvantage. However, once we know the
approximate size distributibn, we can improve it. The principle
of our measurement is not based on sampling of aerosol but on
measurement of the light scattering from particles, so it never
disturbs the aerosol formation as long as we use the probe beams
of off-resonant wavelengths for the compounds concerned. In
éddition, we have only to measure a few dependence for combina-
tions of wavelength and polarization enough to determine three
adjustable parameters, we can keep up with the rapid temporal

change. -
3.2 Principle of Measurement

3.2.1 Mie Theory

19) which our measurement

First we recall the Mie theory
bases on. Let us use the coordinates shown in Fig. 3.4. At the
origin, there is a spherical and homogeneous particle with radiu§
a, and with complex refractive index n relative to the sur-
rounding medium. The particle is irradiated by a plane
monochromatic 1light with wavelength 1, with the direction Of.
propagation in the z-direction and with the electric vector E(i)
in the x-direction. The Mie theory shows the scattered light

)

electric vectors Eés and'E;S) satisfy the following relations:
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Fig. 3.4 Coordinates with the origin at the
center of a particle, the z-direction in the
direction of incident light propagation and the x-
direction in the direction of electric vector of

incident light.

lEés)I2= IE(l)Iz'i“(l,a;a)-cosz¢ ,
1SSV 12 1811205 (2,a50) -sin®e
where
2
. . - i
1“(1,8,9)- 4 2.2
o (1) (coss) |2
Rad | cos$f
o kreg n(1)? . my Tk
xlkfl( i) L kak (cosg)sineg Bk———ETEE——— s
2
- 1
i (2,a3;68)z —5—5
1 412r2(1)(
o P cosf) , 2
X k§1(—i)k[eBk—5—gTE§——— -mBkPél) (oose)sinell .

The functions used above are as follows:

(3.6)

(3.7)

(3.8)

(3.9)



CHAPTER 3 35

_jka1 ZKHL mop(a)ey (na)-vy (a) ¢ (na)

°B ; (3.10)
7 k0er) ned M (e (nar-¢f P (@) (na)
mg -kl 2k+l  n¢p(q)yp (na)-vp(q)yy (nq) (3.11)
=1 d 7 ’ .
k k(k+1) ncﬁl)(q)wﬁ(nq)—cél (a)yy (nq)
- 4 -
Q= oaE v (3.12)
o x) = (PO 0, (3.13)
Ck(x) = wk(X)—ixk(X) ’ (3.14)
() == )N, (3.15)

where Jk+1/2(X) is the Bessel function, Nk+1/2(x) is the Neumann
function and Pél)(cose) is the associated Legendre's
polynomials. The prime on Yy o cél) énd Pél) represents the
differentiation with respect to their arguments. The numerical
calculation of Egs. (3.8) and (3.9) are presented in some
references.%2~66)

We will consider the cases that the scattered light is
observed from the x-direction (8 ~ 90°, ¢ ~ 0*) and from the y-

direction (& ~ 90°*, ¢ ~ 90*) with a small solid angle A9 x Af9.

In both cases, the ¢-dependence of Eqs. (3.6) and (3.7) can be

ignored as follows. In the case of ¢ ~ 0°, cosz¢ =~ 1 and
sin2¢ ~ 0, then Egqs. (3.6) and (3.7) becpme
1e{8) )2 & 1E¢41%.5 .1, and IE;S)IZ = [E )24 0 (20).  For
simplicity we rewrite these equations by sﬁs)=sﬁi)-i”-1 and
s(s)=s(i)-i 0 (=0), where the square of electric vector is

1 1] i

denoted by s, which is proportional the power density. The su-
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perscript (i) and (s) represent that the components are the in-
cident and scattered lighf respectively. ‘The subscript (1)
represents that the corresponding electric vector is parallel
(perpendicular) to the plane of observation defined as the plane
which contains the direction of propagation of incident light and
the direction of observation (6, ¢). In this case, the plane is
the x-z plane.

On the other hand, in the case of ¢ ~ 90°,
1£$2)12 = je(3))%.4 c0 (=0) and 188312 = 1E¢1) 2.1 -1, then the

plane of observation is the y-z plane, and sﬁs)=s§1)-i”~0 (=0)

and sis):sil)-il-l. Combined together, these equations are writ-

ten as

s i) .
s{®Vaalt) i (aiai0000, 0 (uow =0 0, (3.16)
where o” v is Kronecker’s delta. Hereafter the subscript z
’
represents the direction of polarization u or 1. It should be

(s)

M (S§S>) corresponding

noted that there is no scattered light s
{

to the incident light sll) (sa}))x Therefore we will hereafter

J8) (i) (s)_ (1)
It i 1} 1 1 1

consider only non-zero equations, and s s

which correspond respectively the case that both the polariza-
tions of incident 1light and the scattered light are parallel
along the plane of observation, and the case that both are

perpendicular against the plane. Although the ¢-dependence can
be ignoredvas described above, the 6-dependence of iu, which is

given by Eqs. (3.8) and (3.9), is relatively large even for small

change of 6. Then we will average i” over 6 as described later.
In the case of a<<1, it is known that Eq. (3.16) is reduced

to s(s)a a6 and s(s)~ 0.

N " This case is called the Rayleigh scat-

tering. Oon the other hand, in the case of a>>1, the light scat-
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tering becomes like a mirror reflection, then sis) ~ S:s) o az.

In the midway between these two limiting cases, that is, in the

case of a ~ 1, szs) changes complicatedly as particle radius
changes. The 1light scattering in this range is called the Mie
scattering. As described here, SLS) contains the information

about particle  radius, so we will use it to know the particle

size distribution.

3.2.2 Application of Mie Formula to

Practical Light Scattering Problem

ﬁs) and sis), we must place two detectors on the

To measure s
x- and the y-axes. This arrangement 1is inconvenient in the
practical case because we must take account of the differences
between the sensitivities of two detectors and of the 1losses in
two optical passes which are caused by the walls of the cell
containing aerosol and the lenses to focus the scattered 1lights.
So it is Dbétter to use one detector to avoid the above com-
plications which cause some error. By switching the polarization

of the incident light in the x-direction and in the y-direction

alternately (Fig. 3.5), we can measure both sﬁs) and sis) by a
single detector placed on the y-axis. In this case, the plane of
observation is the y-z plane. When the incident 1light is

(i)

polarized in the x- (y-) direction, which is represented as 8

(sﬁl)) in Fig. 3.5, the observed scattered light corresponds to
(s) (s)
S, (Sn ).

Let us consider the 1light scattering by the ensemble of
particles with different radii. Here, we will deal with the case

that the number density of particles is so high that the dis-

position of particles can be treated statistically, but not so
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A X

INCIDENT
LIGHT

LP g

SCATTERED
y LIGHT

Fig. 3.5 Definition of scattered light intensities sﬁs)
and sis). By switching the polarization of the incident

light in the x-direction and in the y-direction alternately

(LP -linear polarizer), sﬁs) is)

and s can be measured by a

single photodetector (PD) placed on the y-axis. When the
incident light is polarized in the x-(y-) direction, which
is represented as sil) (sﬁl)), the observed scattered light

()7 (520,

corresponds to s
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________ /
=7
/
INCIDENT e
LIGHT B
SCATTERED
LIGHT
Fig. 3.6 . Averaging of the scattered light intensity over
scattering angle 6. S -cross section of incident light

beam, L -length of the volume to be observed, and A(s) -

area of window of photodetector.
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high that the effect of multi-scattering cannot be negligible.

If the latter assumption fails, we cannot regard there is no
scattered light sﬁs) (sis)) corresponding £o the incident 1light
sii) (sﬁi)) (see Eq.‘(3.16)). Since a large number of particles
spread spatially at random, the interference among the scattered
light waves are smeared out., Then, the total scattered light
intensity is simply given by the sum of the scattered 1light in-
tensity from each particle. See Fig. 3.6. When S is the cross
section of incident light beam, and L is the length of the.volume

to be observed, which lies along the z-axis, the total scattered

(s)

is written as
Byl

light intensity 1

(s)  _ a(8). [ (aur. L<(8)
i = Jo (s-L-f(a)-s\%) } da, (3.17)

where the quantity S-'L represents the observed volume, A(s) is

the area of the window of the detector, and f(a) is the size
distribution function of particles.

Putting Eq. (3.16) into above Eq. (3.17), and considering
that S-szi) represents the total intensity of incident 1light,
(i)

which we rewrite as 1 we will define the normalized scattered

Iln;‘,
light intensity 1 as
iyl
_ <(s) (i) _ A(s), ,r s )
Ia,l" Iu,l / Ia,l = A L Of(a) 1ﬂ(1,a,e) da .(3.18)

The expression by Eq. (3.18) are accurate when the area of
the detector and the observed volume are infinitesimal so that
the 6 dependence of ia, which is given by Eqs. (3.8) and (3.9),
is negligible. 1In practical cases, both have certain finite
dimensions, so wWe must consider the»ambiguity of 6 on iu. In

such a case, we have only to use Eﬂ for iﬂ, where E”is an averag-

ed quantity given below. See Fig. 3.6. First, let wus consider



CHAPTER 3 41

the area of the detector. There is a particle at the position z
on the z~axis. The mean value of i” at the position of the
detector is given by averaging iﬂ over 6 from a(z) to g(z), where
a(z) and pg(z) are the angles from the z-direction to both sides
of the window of the detector. Next, considering the finiteness
of the observed volume, we averaged it again over z from z = -
L/2 to L/2, where the positions of z = -L/2 and L/2 cérresppnd to

the both sides of the observed volume. Then we get I” as

. Ls2 1 B(z)
I (1,a)= J [ j i (2,a2;8)de 1 dz . (3.19)
4 -L/2 B(z)-al(z) a(zg
However there is no necessity for averaging it over the x- and

the y-direction when the diameter of probe beam is much smaller
than the length of observed volume L and the distance r from the

beam to the detector.
3.2.3 Determination of Particle Size Distribution Function

We have obtained the expression (3.18) to calculate the
scattered light intensity from a given particle size distribution
function. We have fo, however, solve the ’reverse’ problen.
Namely in practical case, we obtain the intensities of the scat-
tered light, and from them we have to determine the size dis-

tribution. Hereafter Iili and Iisi respectively represent the
s ?

incident and scattered light intensities observed in experiment.

From these observed values, we can get the normalized intensity

of the scattered light Iibi defined as
?
Obs (s) (i)
= . 3.20
Iﬂrl Iﬂtl/ Iﬂrl ' ( )

Then, comparing this with Eq. (3.18), the problem is reduced to

solving the integral equation:
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Obs

Illil

- A(s)-L-JOf(a)~ih(1,a) da , (3.21)
with respect to f(a). If we could measure a broad spectrum of

Izbi over all 12 from 0 to infinity, f(a) were strictly determined
s .

at least in principle. Even then it is not easy to solve

Eq. (3.21) directly. It is impossible of course to measure the

Obs
s 4

how to use the separate 1

complete spectrum of 1 over all 1. Let us grope for the way
Obs
ny

tions (g = n, 1) and some certain wavelengths (2 = 2’, 1", --*).

as to the combinations of polariza-

The more combinations give the more accurate results. The number
of combinations, however, .cannot be large in practical case.
Another limitation is that we can utilize only narrow wavelength
range of visible light as probes. The ultraviolet range disturbs
the aerosol formation by producing particles. Considering
available light sources for the probes and the simplicity of

instrumental arrangement, it is advisable to use two laser beams

.with different wavelengths 1’ and 1" as probes. Then we can
sy s Obs , ,Obs Obs Obs Obs .
utilize four Iu,l : In,l’ ’ 11,1’ ' Iu,l" and 11,1"' We will

previously assume the shape of f(a) permitting several
ambiguities. Putting the assumed f(a) into Eq. (3.18), we can
theoretically calculate the intensity of the scattered light,
which we write as

12?}1: A(S)-L-I:f(a)-iu(z.a) da . (3.22)

Cal
I

Byl
is four, we can

Then we will determine f(a) so that the deviation of from

IObs becomes smallest. When the number of IObS
iy A ’ R

introduce at most four adjustable parameters into f(a). Let us

assume f(a), permitting the ambiguities of the normalization
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coefficient A and two adjustable parameters a and g, which
characterize the shape of distribution functions. We will call
these functions the assumed functions.

In this work, we have used the following functions. The
Gauss distribution;

(a - a)?

f(a)= A-exp{ } o, (3.23)

2.g2

the Log-normal distribution;

A (In a-1n a)2
f(a)= cexp{

> } o (3.24)
a 2:-1n"p

the Junge distribution;

f(a)= 0 ( a<a ) ,
- (3.25)
= A-a”F ({ a>a ) ,
the Stevenson distribution;
f(a)= 0 ( a<a ) ,
a-o 3 (3-26)
= A-(a-a)-exp(-{( )Y ( ada ) ,
5 .
and the Modified exponential distribution;
a
f(a)= A-exp{-(—)F) . (3.27)

a

Each distribution has been used to approximate a size dis-

tribution of specific aerosol. The Gauss distribution is known

to give the approximate size distribution of rain-droplets.67)

The Log-normal distribution is known to be widely applicable to

the size distribution of many kinds of aerosol or powder produced

4,54,58~61)

through smashing. The Junge distribution has been

often applied to the size distribution of stratospheric aerosol

8)

since Junge et al. first proposed.6 Here we have introduced
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cut-off radius a to remove the singularity at a=0. In the
original work of Junge et al. such a limit was not considered.
However it is natural to assume the existehce of the minimum or
maximum radius in fhe Junge distribution, for it is impossible
that the density becomes infinite f&r small a, or finite for
infinitesimally large a. As the maximum radius is naturally
introduced by the nature that the Junge distribution function
converges to zero for large a, we here introduce the minimum
radius a. The Stevenson distribution was used as an approximate
size distribution of emulsions etc.sg) Recently Kurosu et al.
applied the Modified exponéntial distribution to approximate
particle size distribution of Laser Snow and assured its
usefulness (unpublished).

Each of these distribution functions has three adjustable

parameters A, a and 3. Since we are able to use four IObS one

nyd?
is excess. We will use this excess freedom in order to determine
which assumed function gives the best fitting.

Each of these distribution functions has three unknown para-

meters A, a and 8. Since we are able to use four Igbi, one is
?

excess. We will use this excess freedom in order to determine

which assumed function gives the best fitting.

Here we_mention how to determine A, a« and 8. Putting the
assumed functions introduced above into Eq. (3.22), we can
calculate Igai, which are now the function of A, a and 3. From

H
the experiments, we get Igbi; We define the deviation E by
?
IObs _ ICal
Hyl el 2 28
B 3 o ) £ (3.28)
u’ ”’1

and determine A, a and g so that the deviation E becomes smal-
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lest. The way is the following. We separate the simple coef-
ficient A from the assumed function f(a), that 1is, f(a) =

A-f'(a;a,8). From Eq. (3.22),

Cal_ ,(s).; ... [7 . s
1812 als).pa Jof’(a,a,ﬁ) i,(1,a)da . (3.29)

Then the deviation E is reduced to

E = Q- (A-P/@)%+ M - P?/q , (3.30)
where
P=3 x Q=12 x2 {3.31)
P 2yd "’ P Bk’
- (5). ,JW ’ R 3 Obs
Xy, 1" [ A L Of (a;a,B) 1”(1,a)da 1 7/ Iu,l (3132)
and
M=% 1=4: the number of Igbi ; constant. (3.33)
i, 2 '

To minimize the deviation E smallest, we have only to survey the

a-8 plane and determine them so that'PZ/Q becomes maximum, then A

= P/Q.

Obs
Hyd
simultaneously at a given time T after the beginning of aerosol

In this way, from the four values of I which are measured

production, we can determine the distribution function f(a) at

Obs ’a set of IObs’.

Hyd Byl
Repeating this procedure for the different assumed functions, we

T. We will «call these four values of I

can choose the best assumed function which gave the smallest E,
i.e. the best fit at T. Repeating this for different T, we

obtained the temporal change of distribution function.
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3.2.4 Total Number, Radips, Surface and Volume of
Distribution Function

Once we determine the distribution function, we can evaluate

the various quantities, for examples,

a
N(ath)zjoth f(a)da -, (3.34)
a
R(a ):j th 4.f(a)da , (3.35)
th 0
2th 2 '

S(a )=J 4na’.f(a)da (3.36)

and
Bh 4 3 :

V(ath)zjo —na®-f(a)da . (3.37)
They represent physically number, radius, surface and volume
respectively. We will hereafter call them ’moments’ of dis-
tribution function. N(ath) represents the number density of
particles whose radii are between 0 and aipe The total number
density Ntotal (Eq. (3.2)) is defined as the limit of N(ath) with

gy Other total moments Rtotal' Stotal and V | are defin-

tota
ed similarly (Eqs. (3.3)~(3.5)).

The temporal changes of moments give us much information
about the mechanism of aerosol formation and growth. As describ-
ed in the beginning of this chapter, for instance, the velocity
of increase of volume shows the velocity of gas to particle con-
version, or if the volume is conservative while the number

decreases, then particles are grown by coalescence.
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3.2.5 Comparison with Conventional Methods

It is significant to point out advantages and disadvantages
of the method. Compared with other conventional methods, this
measurement 1is purgly optical, we need not worry about the dis-
turbance within the aerosol growth as long as we use the off-
resonant probes for compounds concerned. This point is very
important for our purpose, to study not the static size dis-
tribution But the temporal change. We cannot utilize a particle
counter which disturbs the aerosol formation by sampling. In
addition to this disadvantage, a particle counter of sampling
type takes time to scan a range of radii or to count particles,
and therefore it 1is not suitable for the survey of temporal
change even if they are commercially available. Our method can
sufficiently keep up with the rapid temporal change because we
have only to observe four Ii?i at a given T. In addition, the
sensitivity is very high in principle because there is no

background noise, and when using sufficiently fine beam as

probes, our method may obtain high spatial resolution.

Obs
#ad
simultaneously, we can study a single event of aerosol formation

There 1is another advantage. As we measure a set of 1

without assuming any experimental reproducibility. In the study

8)

of Laser Snow, Sato et al.1
Obs
Iy
edure for the different components, i.e. the combinations of

measured the temporal change of one

component of I in one procedure. Until repeating this proc-

polarization and wavelength, they could not obtain the temporal

Obs
Iltl.
reproducibility of aerosol. This time, the improvement of ex-

change of the set of I As a result, they had to assume the

perimental setup described in Sec. 3.3 makes it possible to
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measure the temporal change of a set of Iibi in one procedure.
?

Then we can discuss the aerosol formation without assuming any
reproducibility.

On the other hand, when the real size distribution of
aerosol is far from our assumed funétions, for instance, when the
distribution has plural peaks, our method may fail. If we know
the broad range spectrum of scattered light, we may be able to
deal with even such a case. Simizu et a1.70) tried to determine
the size distribution of bacteria without using the assumed func-
tion. They measured the spectrum of scattered 1light over all
angle of observation, and‘ solved that inversion scattering
problem by 'a Fourier transformation technique. If using such a
method, we, indeed,‘ need not to assume the distribution func-
tion. But it takes longer time to measure the broad range
spectrum, which makes it difficult to study the rapid temporal
change.

54,58~60) as

In the case of the polarization ratio method,
one must measure the angular dépendence of polarization ratio, he
needs to worry about the angular dependence of the transmittance
in light passes even if he uses a cylindrical cell containing
aerosol. Since we do not use the angular dependence, we can
ignore the difference of light passes. 1In addition to this, as
we measure the absolute intensities of the scattered light in-

stead of the polarization ratio, we can evaluate in principle the

absolute number density as well as the relative frequency.
3.3 Experimental Setup

The experimental setup is shown in Fig. 3.7. The probe

beams from the Ar+ laser (4=457.9 nm) and the He-Ne laser
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Fig. 3.7 Experimental setup for the measurement of
temporal change in scattered light intensity. Symbols have
the following significance: L -lens, PD -photodetector, A -
attenuator, 1/4 -1/4 plate, M -mirror, HM -half mirror, DMM ~
digital multime@er, GP-IB -control bus for computer, and

MPX -signal multiplexer.
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(1=632.8 nm) are circularly polarized by i1/4 plates. The beans

reflected by half mirrors are applied to the photo-detectors
(solar cells) to monitor the intensities of incident beans.
While, the transmitted beams are modulated by double beam mechan-
ical chopper at different frequehcies for the lock-in detection
described later. The beams are made coaxial by another half
mirror, and they are transmitted through a linear polarizer. The
linear polarizer is rotative and switches alternatively the

direction of polarization between the direction u and 1. Since
the laser beams are originally circularly polarized, there ié no
significant difference between the intensities of the beams
polarized in the direction u and 1. It is not necessary to make
the intensities of the 1 and 1 components strictly equal because
we normalize the scattered light intensity by the incident beam
intensity as described later. Linearly polarized beams are ap-
plied to the cell.

The cell is rectangular, 1x2x4.5 cm3 in dimension, and it is
made of quartz trahsparent to'UV.radiation of wavelengths longer
than 180 nm. In the bottom of the cell, we placed a small amount
oé p-dichlorobenzene as a raw material of aerosol. The saturated
vapor pressure of p-dichlorobenzene is about 1.5 mmHg at 20°C.
As the surrounding gas, we use three kinds of gases in order to
study the effects of surrounding gas on the aerosol formation and
growth. we choose particle free clean air, N2 and 02, each of
which is filled at 1 atm at room temperature.

The source of UV radiation is a deuterium lamp (D2 lamp).
The light from the D2-lamp is filtered by monochromator to select
the wavelength of UV radiation to be applied to the cell. In the

present experiment, we set the wavelength at 220 nm with the
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bandwidth about 8 nm, then the power of the UV radiation applied
into the cell was roughly estimated about 1 mW/cmz, which is
enough to produce a large number of particles in the cell. There
is an additional reason why we here use the monochromator. When
no filtered UV radiation is applied directly to the cell, the gas
in the cell is rapidl& heated up by the radiation, which causes
the convection and fluctuate the scattered 1light.  As the
monochromator cut most of power from the Dz—lamp, especially the
infrared components, heating is reduced. However, most power of
UV radiation effective to produce aerosol are filtered and the
aerosol production rate becomes much slower.

The laser 1light scattered by produced' particles passes

through a 2x2 cm2 slit placed at 4.2 cm apart from the probe

beam, and then it is focused by a 1lens and detected by a

to PHOTO- SLIT SLIT

DETECTOR 20x20 12x12
—~— | A
}
/\LENS i

- \/ - _—'l CELL
4BEAM
42 -1
|
Fig. 3.8 Dimension of the optical system in Fig. 3.7.

photomultiplier (Fig. 3.8).
To determine the size distribution at a given time T, it is

necessary to measure the scattered light intensities
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(s) (s) (s) (s)

.7 2=457.9 nm’ Y1,12457.9 nm’ Tu,1=632.8 nm 2P 1,)1-632.8 nm
simultaneously. First the linear polarizer is set in the direc-
tion u, and the intensities Iﬁ?i=457.9 nm and Iﬁ?i:632.8 nm 2Te€

separately measured by two lock-in amplifiers tuned at different
frequencies of the chopper described before. The time constants
of both 1lock-in amplifiers are 100 msec. The outputs are
alternatively converted from analogue to digital and stored in

memory of the desk-top computer. Then the linear polarizer is

(s)

switched to the direction 1, and I1,457.9 nm and
(s)
I
#yk
seconds, which is much shorter than the changes of the scattered

(s)
I1.,632.8 nm .are

similarly measured. A set of is measured within two

light intensities in the present experiment; We can fully regard
them as measured at the same time. We repeat the same procedure
many times after the beginning of UV light irradiation.

The desk-top computer does not only store the data but also
controls the switching of the directions of linear polarizer, the

selecting of the outputs of lock-in amplifiers and the sampling

of the A/D converter. In addiﬁion, it normalizes the scattered
light intensities ILsi by the incident beam intensities Iili at
: , ’

each moment.
The incident beam intensities are always monitored as

described before. To relate the outputs of monitors to the real

intensities of incident beams 121;, we used the following
?

method. We put a small mirror in the particle free cell and

guide the reflecﬁed beams into the photomultiplier. Weakening

the laser beam with ND-filters, we measure the reflected beam
intensities in the same procedure described above, i.e. the
procedure to measure the intensities of the lights scattered by

particles. Once we measure the attenuation factors of the ND-



CHAPTER 3 53

filters and the reflection factors of the mirror for a given

combination of wavelength (1=457.9 or 632.8 nm) and polarization

{u=n or 1 ). we can relate the outputs of monitors to the real
intensities of incident beams Iili. Then, converting the outputs
’
of monitors to Izli, we obtain the accurately normalized scat-

L
Obs

tered light intensities 1

. 1 (s) (i)
byl by Iﬂ) / lﬂ’ '

b i

3.4 Experimental Results and Discussions
3.4.1 Temporal Change in Scattered Light Intensity

Using the experimental setup described in Sec. 3.3, we
Obs
ﬂ)l’
of the light scattered by aerosol particles. Those particles

measured the temporal changes of I the normalized intensities

were produced Sy UV radiation with the wavelength 220 nm and with
the power density about 1 mW/cmz. The raw material of the
aerosol was the vapor of p-dichlorobenzene with the pressure
about 1.5mmHg. The surrounding gas was the particle free clean
air, N2 and 02 at 1 atm,'at room temperature.

Obs

Typical changes of Iu 1 are shown in Fig. 3.9, where (a) is
?

the case that the surrounding gas is air, (b) N, and (c) O

2 2°

From Fig. 3.9(a), we can see that the intensify of the
shorter wavelength (1=457.9 nm) rises faster than that of the
longer wavelength (21=632.8 nm), and that, for each wavelength,

the intensity of polarization 1 rises faster than that of

polarization u. At T~10 min, Izbi show maxima, and for T>10 min,
2
they slightly decrease and approach steady state values. This

behavior of IObs
Had

scattering transits from the Rayleigh like scattering to the Mie

shows that as particles grow larger, the light

scattering.

In the cases of N2 (Fig. 3.9(b)) and O (Fig. 3.9(c)),; the

2



54
10" e T
- a : 3
_5_ e —
10 | - (_\.":-_._.__-n—_:
F Pt
[ y ]
2 6- /( //
o= ) 3 [/ E
10k // 3
-/ ——p=1l,) =457.9nm ]
X —_— 1 457.9
Wi / 0 6328 |
-7 ——— . i
10 5/ —— 1 6328 3
10'3./'..lu...l....n...l....l.“.
0 5 10 15 20 25 30
T / min
10" e
r b 3
'0-5:—
F
.
-6 / ]
10 = 4 3
4 E
10‘7; // E
T WVSTITY EPES RIS I EPTI I
0 5 10_ 15 20 25 30
-4
10" . -
FC -
10°L —
[
105
E
L. I/
[/
10‘7.-,/ .
i 5
1078 R L1 TP BT
(] 5 10 15 20 25 30

CHAPTER 3

Fig. 3.9 Temporal change in

scattered light intensities
Obs
11,4.
surrounding gas is air;

1

In the case of (a), the

in

(b), Nz; and in (e¢), 02.
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Obs
ik

case, the rising of I

temporal change of 1 are qualitatively similar. 1In the former
Obs
Hyld

in the latter case, it is slower than in the case of air. There

is faster than in the case of air, and

is a surrounding gas dependence of aerosol formation velocity.

As shown in Fig. 3.9, the changes of Iibi is very smooth,
1
which shows the convection of the air in the cell is sufficiently
slow. In addition, there 1is no significant changes of. Iibi
?
within the time required to sample a set of Iibj (about 2
?
seconds) as described in Sec. 3.3. So the set of Iibi can be
?
considered as measured simultaneously at the given T.
3.4.2 Temporal Change in Size Distribution
Cal . : .
In order to calculate Iﬂ 1 theoretically by wusing
?

Eq. (3.22), we have to know the refractive index n of products,
but the constituents of products have not been identified yet.
So we have approximated the refractive index of products by that
of the raw material p-dichlorobenzene, i.e. about 1.5 at the
wavelength of 580 nm, and we have assumed that it is constant

over the range of wavelength concerned. Using Eq. (3.22), we

have calculated Iiai assuming the five agsumed functions
H

({Eqs. (3.23)~(3.27)), each of which has three adjustable para-

meters. Then we have determined the best fit function and its

Cal Obs
2, and Ia,l

The temporal changes of the functions determined in this way

parameters by comparing 1 by Eq. (3.28).

are shown in Fig. 3.10, where the horizontal axis represents the
radius of particles, and the vertical axis represents the number
density of particles in terms of dN/d(log a) particles/cms.
Figure 3.10(a), (b) and (c) are respectively in the cases of air

N2 and 02. In the same figure, we also show which assumed func-
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the Stevenson and the Modified exponential distribution give the best fitting at

the

time T.
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tion gives the best fit at each T. The characters "G", "L, "Jv,
"s" and "M" represent that the Gauss, the Log-normal, the Junge,
the Stevenson and the  Modified 'exponential function
(Egs. (3.23);(3.27)) fespectively give the smallest E among . them
at the time. Figure 3.11 shows the changes of the values E for
each assumed function, where (a), (b) and (c) are respectively in
the cases of air N2 and 02. Figure 3.12 shows the temporal
change of the plots of five assumed functions at every 1 minute
in the case of air. For other cases, the results are qualita-
tively similar.

Hereafter let us discuss mainly the case that the sur-
rounding gas is air. Using Figs. 3.10(a), 3.11(a) and 3.12, we
will discuss the changes of the distributions’'dividing them into
three time ranges.

a) For about T<4 min : Figure 3.12 shows the following. The
Gauss, the Log-normal and the Stevenson give almost the same
plot. The distribution of the function is very‘narrow, and the
position of the peak of the number density is smaller than 0.1 am
or so. However the plots from the Junge and the Modified ex-
ponential are quite different. The latter two suggests that the
distribution spréads toward smaller radius. In addition to such
a disagreement in the shape of the distribution function, as
Fig. 3.10(a) shows, the best fit function changes frequently for
the different T. We also know from Fig. 3.11(a) that the values
of E for any assumed function are generally large, and moreover,
there is no significant difference between them. Therefore, at
the beginning of aerosol formation i.e. in the case that
particles have not been larger than 0.1 gzm yet, we cannot declare

which assumed function is the best. It may be due to our using
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the light of visible range as probes. When ©particles are much
smaller than the wavelengths of probes, in other words, when

particle size is nearly in the range of the Rayleigh scattering,

the dependence of Iibi on the particle size becomes monotonous.
H

Even if the scattered 1light is intense, one cannot predict
whether the intensity is due to the size of a particle or the
number of particles., Under such a circumstance, the difference

in the shape of distribution function cannot be reflected in the
Obs
ﬂ:l‘
tion and the low but broad one may give the same I

Both the high but narrow distribution func-

Obs
I’ ¥] a’
any assumed function seems to be more or less fit as long as we

difference of 1

Therefore

know from the value E.

Large E may be due to the experimental error. As ‘the in-
tensities of the scattered 1light in this time range are very
weak, even small experimental error, for instance, the error due
to the slight difference between the fransmittances of the opt-

ical paths for different polarizations and wavelengths, makes the
Obs

large false dependence of Iﬂ 1 Our analysis interprets the
]
false as the real dependence, as a result, Iiai and Izbi never
? ?

agree, so the value E becomes large. In addition, in the range
of the Rayleigh like scattering, IObs > IObs. We measure IObs

1,4 iy d 1,14
and I?bi in the same range of lock-in amplifier, so the signal to

’
Obs Obs

noise ratio of I much worse than that of I That may be

ek 1,1°

one of the reason why the value E is large for small T.
b) For about 5<T<13 min : As shown in Fig. 3.12 at T=7 min
typically, five assumed functions give almost the same plot even
quantitatively for the range of radii 0.1<a<0.2 gm. The number

density decreases monotonous, from a=0.1 to 0.2 zm. On the

other hand, for a<0.1 um, each assumed function gives a separate
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distribution. There is, however, the common tendency that the
number density for much'smaller particles rather decreases and
there is a peak of the density at about a~0.1 am. As to the
deviation E shown iﬁ Fig. 3.11(a), there is no significant dif-
ference between the values E among five assumed functions. They
become smaller as time elapses.

From above discussions, the estimated distribution at least
in the range of 0.1<a<0.2 gm may be accurate. The particles of
this range may be dominant in the analysis, and hide the_in—
fluence fromvparticles out of the range. Any assumed function
more or less gives good fitting. However we cannot clearly
declare about the distribution in the range of smaller radius.
The reason may be the same as in the case for T<5 min.

c) For about T > 14 min : From Fig. 3.12, we know that the
Gauss, the Log-normal, the Junge and the Stevenson give the same
plot qualitatively. The size distribution is near monodisperse,

and the peak of the density is at.about a~0.2 gm. The plot of

the Modified exponential is, however, entirely different from
others. In addition, as Fig. 3.11(a) shows, the deviation E for
the Modified exponential is very large in spite of small E of
others. Therefore we conclude that the real distribution is near
monodispefse in this time range, and any assumed function gives
good approximation except for the Modified exponential. The
Modified exponential cannot originally express such a distribu-
tion as has a peak and decreases rapidly for smaller radius, so
the Modified exponential must lead large E. The fact that the
Modified exponenﬁial cannot give good approximation for large T
is also one of the evidences that there are few small particles

for large T.
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The Junge distribution may have some disadvantage, élthough
it gives as small E as the Gauss, the Log-normal and the
Stevenson do. In the case fo the Junge for large T, there is a
tendency that the larger the parameter g 1is, the smaller the

deviation E is. The larger 5 means that the distribution is

sharper and nearer to monodisperse distribution. In addition,
the cut-off radius a of fhe Junge almost corresponds to the posi-~
tion of the peak of the Gauss, the Log-normal and the Stevenson.
These give the additional evidences to the conclusion that the
real distribution is near monodisperse. There remains a question

about the fitness of the Junge.

3.4.3 Temporal Change in

Number, Radius, Surface and Volume

Using the distributions obtained above, we calculated the
moments defined by Eqs. (3.34)~(3.37). The results are shown in
Fig. 3.13, where (a), (b) and (c) are respectively in the cases
of air, N2 and 02. Here we adopted the Stevenson distribution
throughout T. The reason why we here chose the Stevenson is the
following. When the temporal changes of moments are calculated
from the chain of functions selected as the best at each dif-
ferent T, they sometimes show unnatural discontinuities at the
time when the type of. the best function switches, for example, at
T=5 min in Fig. 3.10(a), where the best function switches from
the Junge to the Stevenson. So it may be advisable to use one
type of the assumed functions throughout T at least in order to
evaluate moments. As shown in Fig. 3.10 the Stevenson frequently
gives the best fit for T>9 min. Figure 3.11 shows the value E of

the Stevenson is not so inferior in comparison with others even
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in the case of smaller T. When applied throughout T, the
Stevenson gives rather smobth temporal changes of moments. In
addition, the moments calculated from the Gauss and the Log-
normal give almﬁst the same moments as the Stevenson does.
Figure 3.14 shows this situation. Figures 3.14(a), (b), {(c), (d)
and (e) correspond to the changes of-V(ath) in the cases that the
Gauss, the Log-normal, the Junge, the Stevenson and the Modified
exponential are respectively applied throughout T in the case of
air. Comparing Figs. 3.14(a) (for the Gauss), (b) (for the Log-
normal) and (d) (for the Stevenson), the differences between them
are less than a few percent. Therefore, to apply the Stevenson
for small T must make no significant error for estimating
moments.

To the contrary, the Junge and the Modifiéd exponential
distributions seem to be unsuitable for estimating moments. As
described in Sec. 3.4.2, theré is a doubt about the accuracy of
the Modified exponential for large T (Fig. 3.14(e)). On the
other hand, when used throughout T, the Junge sometimes shows
unnatural discontinuities (Fig. 3.14(c)).

R(a

The changes of N(a S(ath) and V(ath) are shown

gn)r Blagy)s
in Fig. 3.13, which mean physically the accumulated number,
radius, 7 surface and volume of particles respectively, and
Figs. 3.13 (a), (b) and (c) are respectively in the cases of air,
N2 and 02. In Fig. 3.13, we have calculated moments for a =
0.1, 0.2, 0.3 and 1.0 agm. These graphs show which size of
particles céntribute to each moment. In this figure, the line of
N(ath=0.3 pm) falls just‘on the line of N(ath=1'0 gm), which
implies that we can regard N(ath=0’3 um) as the total number

density N In other words, there are few particles with

total’
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where (a), (b), (c), (d) and (e) are respectively
in the cases that the Gauss, the Log-normal, the
Junge, the Stevenson and the Modified exponential

distribution are.applied to calculate the volume.

. Here the surrounding gas is air.
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radii larger than 0.3 gm. This circumstance ig similar in the
cases of Rtotal’ Stotal and V

It is remarkable that the moments from the Gauss, the Log-

total’

normal and thé SteQenson agree very well as shown in Fig. 3.14
though these assumed functions are. different in their shapes
especially for their wings. It may be because, we in truth
measure not the size distribution but the moments. For particles
much smaller than the wavelengths of probes, i.e. for the light
scattering of the Rayleigh like, we at last measure the moﬁent of
sixth order; for the intensity of the scattered light is propor-
tional to the sixth power of radius there (see Sec. 3.2.1). On

the other hand, for particles much larger than wavelengths, we

measure the geometrical cross section of particles, i.e. the
moment of the second order. Between these two limiting cases, we
may measure a moment of a certain order. Therefore our analysis

may give the first priority to the estimation of moments, and the
estimation of distribution function may be secondary. Therefore
it is also not a wonder that the moments from the Gauss, the Log-

normal and the Stevenson agree very well.
3.4.4 Process of Aerosol Growth

Using Figs. 3.10 and 3.13, in other words, basing on the
temporal changes of the distributions and the moments, we can
imagine the mechanism of aerosol growth. The discussion below
can be qualitatively applied for any case of air, N2 or 02. To
.study quantifatively, we hereafter pay.attention to the case that
the surrounding gas is air.

First the photochemical reaction produces many condensable

molecules, though the products and the chemical process have not



CHAPTER 3 69

been clear yet. As these molecules are much smaller than the
wavelengths of probes, our measurement may not have enough
sensitivity to them; When the density of such molecules becomes
high enough, i.e. are super saturated, homogeneous nucleation
starts. The molecules condense each other to be small but many
particles. Since there is no nucleus first, the nucleation at
this stage must be homogeneous.

The total number of small particles rapidly rises up, and
the size becomes larger enouéh to scatter the visible 1light ef-
fectively. This process goes at T<6 min, and most of number
density consists of particles of a<0.1 gzm. The total number of
such small particles continues to increase until it reaches over
3x106 particles/cma. Once the number density of such small
particles becomes high enough, coalescence begins. The condi-
tions of this turning point is that a~0.,1 am and
Ntotal>SXI06 particles/cma, and it is realized at T~6 min.

For T>6 min, particles coalesce each other, and the humber
of particles rapidly decreases, while the total volume continues
to increase. If the aerosol growth at this stage is purely due
to coalescence, the volume must be conservative. Therefore con-
densable molecules are being produced photochemically and they
are deposited on the surface of large particles without ex-
periencing small particles. The rapid growth of surface makes it
possible.

For 6<T<10 min, the size distribution becomes gentle in its
shape, it becomes to have a peak, and the position of the peak
moves gradually from 0.1 to 0.2 gm. As time elapses, particles
of a<0.1 pum decrease and those of 0.1<a<0.2 um becomes dominant.

The breadth of distribution function becomes larger until
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T~10 min, then it becomes smaller for T>10 min. At T~10 min, the

decrease of number density becomes gentle, which shows the
coalescence becomes ineffective to make particles larger. On the

other hand, fhe voiume continues to increase until T~13 min,
which shows deposition on the surfaée makes volume larger.

For T>10 mih, since a plenty of accumulated surface has
already grown up, most of condensable molecules and very small
particles on their way to be grown up directly deposit on the
surface of large particles. Small particles cannot grow, then
the number of particles of a<0.2 um decreases by deposition. On
the other hand, gravitational settling effectively removes
particles larger than 0.2 gm as we will check numerically in
Sec. 3.4.5. As a result, for T>10 min, the distribution becomes
narrower and narrower. The increase of volume is saturated at
T~13 min. Coalescence is no longer effeétive, for the number
density is almost conservative. Both the total number and volume
stay at almost the stable value, the equilibrium seems té be
established. At this stage Ntotal~7X105 particles/cm3 and
Vtotal~1.7x104_pm3/cm3, most of which consists of particles of
0.1<a<0.2 gam, The breadth of distribution continues to
decrease. At T~17 min, the.breadth becomes smallest, where the
size distribution 1is almost monodisperse. After that, the
breadth becomes a little larger, but the distribution no longer
becomes widely spread.

For 17<T<20 min, there 1is a symptom that particles of
a>0.2 uam increase and those of a<0.2 pm decrease. It may be due
to deposition.. However particles lérger than 0.2 gm soon dis-
appear by gravitational settling, which causes the decrease of

number and surface of such large particles. The decrease of
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surface reduces the deposition and urges the growth of smaller
particles, which causes thé increase of number of particles smal-
ler than 0.2 am at 20<T<24 min. For T>24 min, there is a symptom
that this cycle repeats. For T>24 min, the breadth seems to be a

little 1large, but the radius stays at 0.2 ugm and no longer

becomes larger.
3.4.5 Mechanism of Change in Particle Size Distribution

It is remarkable tha£ the size distribution function, which
has once become broader, becomes narrower again as time elapses.
For T>14 min, the distribution is near monodisperse and the most
frequent radius is 0.2 uzm (Figs. 3.10 and 3.13).‘ When the radius
of particle is 0.2 gm and the density is about 1, tﬂe Stokes
terminal settling velocity is about 10-3 cm/sec. Since the probe
beams are about a few millimeters in diameter, it takes a few
minutes for @he particles to come out of the beam. Let us con-
sider the case that most of particles are with radii 0.1 zm and
with density 5x105 particles/cm3 as shown in Fig. 3.13(a) for
T>20 min. If they are removed from the view in 5 minutes, the

-11 cm3/cm3-sec. On the other

velocity to remove volume is 5x10
‘hand, as shown in Fig. 3.13(a), the total volume is increasing
proportionally to time from zero to 1.7x104 ama/cm3 in 13 min at
the beginning of aero;ol formation. The velocity to produce

-11

volume is 2x10 cm3/cm3-sec. This production must be kept for

T>20 min. Considering that we here ignore the  fall from upper
space, we know that ghe loss by gravitational settling and the
gain by production of particles almost balance.

The large limit of radius is explained above, but why is

there no small particle for large T? Once the large total
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surface of particles is accumulated, condensable molecules and
very small particles on their way to be grown up are directly

deposited on the surface, therefore small particles cannot grow.
3.4.6 Vapor Pressure of Product

Though the products and the chemical process have not been
clear yet, we will vroughly estimate the vapor pressure of
molecules produced photochemically. As discussed before, the
growth of particles at T>10 min is mainly due to the deposition
of condensaﬁle molecules onto the surface of large particles.
The flux @ by diffusion of small particles of radius RS onto a
large particle of radius Rl is given by 4leDNS, where D is dif-
fusion coefficient of small particle and NS is the density of
small particles. The velocity of deposition per unit volume is
given by (41R§/3)-®-Nl, where Nl is the density of large
particles. We will consider the case that the velocity of

deposition balances with the velocity of producing volume of

particles. The latter is about 2><10—11 cma/cms‘sec as estimated
before (Sec. 3.4.5). Then we obtain a equation,

4 3 -11

3 1R3'41R1DNS-N1~ 2%10 . (3.37)

Let us consider the case that Rl~0.2 pm, Nl~5x105 particles/cm3
as shown in Fig. 3.13(a) for large T. Since D is the function of
Rs’ RS and NS are unknown. We will assume the case that the
small particle is the condensable molecule which is produced
photochemically from p-dichlorobenzene, but is like a molecule of
p-dichlorobenzene, whose molecular weight is 147 and density is
1.25. Then R_~4x10"° cm and D~1x10"' cm®/sec for air at 20 *C.

We at last obtain NS~9><109 particles/cms. It is 3><10-7 mmHg, and
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is much smaller than the vapor pressure of p-dichlorobenzene
1.5 mmHg. If the vapor pressure of condensable species is so

loﬁ, condensation and deposition described above are probable.
3.4.7 Quantum Efficiency of Photochemical Reaction

We will roughly evaluate the efficiency of photochemical
reaction, and show that if the condensable monomer like
dichlorobenzene is produced photochemically, its photochemical
reaction may be not a chain process. However we do not know what
photochemical reaction occurs or what the product is, yet. So we
assume the following process. A molecule of p-dichlorobenzene
absorbs a photon and becomes a monomer which is hot so different
from a molecule of dichlorobenzene and 1is condensable to be
particles, As estimated before, the velocity to produce volume

-11

is 2x%x10 cm3/cm3-sec. Though we do not know the constituent of

products, let us suppose its density is 1.25 and molecular weight

is 147 (these values are of p-dichlorobenzene itself). Then the
velocity of molecule to particle conversion is
1><1011 molecules/cms-sec. The number of photons which are

absorbed by p-dichlorobenzene and cause photochemical reaction
must be the same. On'the other hand, The molar absorption coef-
ficient of p-dichlorobenzene is 174 (though its value is-at wave-
length 258 nm). This means the intensity of UV radiation
decreases by about three percent during passing through 1 cm in
the cell, where we consider the vapor pressure of P-
dichlorobenzene is 1.5 mmHg at room temperature. The intensity
of the incident UV radiation is about 1 mW/cmz. Then the photon

flux at wavelength 220 nm 1is 1x1015 photons/cmz-sec. A three

percent of them, which are absorbed by p-dichlorobenzene, is
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13

3x10 photons/cma'sec. Therefore the quantum efficiency is

about 0.003. If the basic photochemical process is chain like,

it becomes larger than 1.
3.4.8 Influence of Surrounding Gas on Aerosol Formation

Comparing Figs. 3.13(a) (for the case of air), (b) (Nz) and
(c) (02), we can know the influence of the surrounding gases on
the formation of aerosol. It 1is as N2’ air, O2 in order of
aerosol formation velocity. It is shown that the presence of O2
in the surfounding gas suppress or delay the aerosol formation.
The influence of O2 on aerosol formation will be discussed in

Sec. 4.1 in detail.
3.4.9 Validity of Present Measurement

We will check the validity of previous assumptions. One of
the significant assumptions is that the produced particle 1is
homogeneous and spherical. In the observation with a microscope,
we can see that a spherical and relatively large particle on the
wall of ﬁhe cell catches smaller particles floating in the air
and becomes larger and spherical particle. This behavior sug-
gests that the products are liquid like and particles floating in
the air may be spherical. But the homogeneity is not necessarily
clear. It is possible that the particle in the air has some core
in it.

Another assumption is the'refractive index n. The value of
n 6f product is, however, unknown so.far. We had to previously
give n as that of the raw material, p-dichlorobenzene (n=1.5285
for Na D line). Let us assume that n is one of the parameters to

be estimated in this experiment. Figure 3.15 shows the change of
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T / min

Fig. 3.15 Temporal change in mean square deviation E when the
determination of the size distribution is perfprmed changing the

assumed refractive index n of particle from 1.3 to 1.7.

the deviation E when we did the determination of the size dis-
tribution corresponding to the Iz?i in Fig. 3.9(a) (in the case
of air) changing the assumed value of n from 1.3 to 1.7. If we
regard the value of n which gives the smallest E as most
probable, . Fig. 3.15 shows that as time elapses n becomes larger
and larger. It is unlikely that the constituents of products
alter. Therefore, Fig. 3.15 may reflect the following situa-

tion. Each aerosol particle is not homogeneous and has a core

and a shell' surrounding the core. As the shell grows, the ap-
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parent n changes. Or such a complicated change of n as shown in
Fig. 3.15 may vanish when the imaginary part of n is accurately
taken into account. Any way, as Fig. 3.15 shows, our assumption
that the reffactive‘index of product is the asme as that of raw
material, p-dichlorobenzene my be appropriate as . the first ap-
proximation.

How about the effect of multiscattering? The mean free path
of the photon of probe beams can be roughly estimated as
170Ny J4a1 where g is the geometrical cross section of particle

and N is its number density. Let us consider the particles

total
8

of radius 0.2 agm. Then g~10" cm3 and Ntotal~106 particles/cms.

The mean free path is about 102 cm, which is much larger than the

dimension of the cell. So the effect of multi—scatteringlis

surely negligible.
3.5 Conclusions

In this chapter, we have reported the optical measurements
for the particle size distribution of the aerosol produced from
p-dichlorobenzeéne by UV radiation with wavelength 220 nm, with
power density about 1 mW/cmz. The method is based on the
measurement of the wavelength- and polarization-dependence of
the light scattered by particles.

Generally the assumed function such as the Gauss, the Log-
normal and the Stevenson seems to be superior for estimating the
particle size distributioﬁ and the moments. The Junge and the
Modified exponential are also useful partly.

For T<6 min, the aerosol formation 1is homogeneous. The
number of particles rapidly rises up until it reaches the peak at

T~6 min. At the peak, the number of particles, most of which
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consists of particles of a<0.1 ugzm, is more than about 3x106

particles/cma. For T>6 min, particles grow mainly by
coalescence. While the number of particles decreases, the total
volume of particles increase until T~13 min. It is due to the
deposition of products on particle’s surface, that is, the growth
of particles is partly heterogeneous. The distribution function
becomes broader until T~10 min, then it becomes narrower again.
For T~13 min, the increase of total volume is saturated at

5

1.7x104 um3/cm3, where - a~0.2 um and N ~ 710

total
particles/cms. The breadth of distribution becomes narrower and
narrower. For 1large T, the distribution is near monodisperse,

where mean radius is 0.2 um, Ntotal ~ 5x105 particles/cm3 and

3

vtotal ~ 1.5x104 um3/cm . The large limit of radius seems to be

restricted by gravitational settling. At this stage, the loss by
gravitational settling and the gain by photochemical production
of particles almost balance.

From the rough estimation of the efficiency of photochemical
reaction, the basic photochemical précess may be not a chain
reaction.

This time, we have first got the quantitative information as
to the aerosol formation from p-dichlorobenzene by UV radiation.
In the future, some numerical model may be able to explain the
results. We couldn’t measure aerosol from other material than p-
dichlorobenzene, because available monochromatic UV-source was
very weak. If using strong and monochromatic UV-source like
excimer laser, it may be possible to measure aerosol from other

raw materials.
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CHAPTER 4

SIZE DISTRIBUTION OF AEROSOL PRODUCED FROM P-DICHLOROBENZENE

BY BRIEF EXPOSURE TO ULTRAVIOLET RADIATION

4.1 Introduction

The laser may be one of the most important invention in this
century. The laser provides us with many powerful methods to
induce some photochemical reactions with good selectivity or to
investigate complicated reactions with fine spectroscopic resolu-
tion.

In spite of recent mény triumphs in laser chemistry, there
are few feports that study photochemical aerosol formations in-
duced by the radiation from a laser. As far as we know, "Laser
‘Snow” and "Benzene Aérosol Formation by a KrF Laser" are the only
instances. Laser Snow is one of the aerosols produced by laser-
induced photochemical reactions. The aerosol is produced from
the mixture of vapor of alkali metal and gaseous hydrogen under
the exposure to the laser beam from a dye or an argon ion laser
(for example, 1=488.0 nm for NaH Laser Snow). The product has
been identified as alkali hydride crystalline particle.18’23~25)
Benzene Aerosol is produced from the vapor of benzene wunder the
exposure to ultraviolet (UV) radiation from a KrF excimer laser
(2=249 nm). The constituent of . product has not been
identified.26729) |

In Chapter 2, we reported on the aerosol formation from many

kinds of organic gases by a KrF excimer laser.sl) For examples
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aniline, benzene, dichlorobenzene, a- and g-pinene etc. produce
aerosol when exposed to UV radiation from the KrF laser. This is
prébably the first report on such many kinds of laser induced
organic aerosol formations.

In Chapter 3, we also reported on the measurements of the
temporal change of particle size distribution of aerosol produced
from p-dichlorobenzene.7i) In the experiments, we used a Dz-lamp
as a source of UV radiation. As the UV radiation from the Dz—
lamp was continuously appliéd, the production of condensable
species continued during the measurements. Therefore, the
production of condensable species coexists with the processes of
aerosol growth such as condensation, coalescenée, deposit, etc.
Though such a coexistence is universal in usual aerosol forma-
tions, many concurrent processes complicate the problems.

If we produce condensable species in the brief time of the
beginning, then observe the aerosol growth without any more
production of condensable species, it may be expected that the
process of aerosol growth becomes simpler and easier for our
analysis. Under 'such experimental conditions, a monodispersed
particle size distribution is initially  formed, then it is
developed into a heterodispersed distribution. Such processes

have been studied theoretically72"77)

3,4,52~54,78,79)

and inspected by several

experiments. Keith and Derrick tested tobacco

smoke.sz) Huser used the aerosol produced by combustion of

3)

propane., Those experiments show that the theory and experiments
agree well as far as the condensation due to Brownian motion is
concerned, and the developed distribution function 1is 1like the

3)

Log-normal (Eq. (3.24)). However, the . experiment with

photochemical aerosol production as the method to prepare initial
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aerosol has not been attempted as far as we know.

The experiment with photochemical aerosol production has
some advantages compared with those using smoke or other dusts.
The former can‘producé condensable species instantanéously in
time and homogeneously in space. The homogeneity of the size of
initial species (maybe molecules) is good. In addition, the
initial particles are directly produced in the field to be
observed. For the latter, on the other hand, one must introduce
the initial particles from a certain aerosol generator into.the
vessel to bé observed. The homogeneity of the size of initial
particles is not necessary assured and the»handling to introduce
particles into the vessel may modify the initial distribution.

Using a pulse laser as a UV radiation source for photochem-
jcal aerosol formation, .it may become possible to produée con-
densable species instantaneously in time and homogeneously in
space. As the photochemical reaction to produce some condensable
species is much faster than the process of aerosol formation, the
initial particle size distribution is expected to be well
monodispersed. In addition to these advantages, the power of the
laser is concentrated in narrow wavelength range, then the con-
vection caused by the heating up of the wall of the cell or that
of the air in the cell is effectively suppressed compared with
the case that the radiation from the UV lamp with broad spectrum
is applied directly without filtering.

In this chapter, we report on the optical measurement of the
temporal change of the pafticle size distribution of aerosol from
p-dichlorobenzene. Unlike the measurement  described in
Chapter 3, the aerosol is produced by exposure to the UV radia-

tion from a KrF excimer pulse laser (1=249 nm). We first produce
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the condensable species by applying several the UV radiation
pulses from the KrF laser in a brief time, then observe the
temporal change of the particle size distribution without ap-
prlying any more UV radiation pulses. The method of measurement
is the same as described in Chapter 3, which ' is based on the

lighﬁ scattering from produced particles.
4.2 Experiments

The principle of measurement and experimental setup are the
same as described in Chapter 3 (Secs. 3.2 and 3.3). The dif-
ferent points are as follows (see Fig. 4.1).

The UV radiation source is not a Dz—lamp but a KrF excimer
laser,‘which radiates monochromatic UV radiation with wavelength
249 nm and with power density P about 1.8 mJ/cmz-pulse at the
position of the cell. Unlike the UV radiation source used in
Chapter 3, the UV 1light from the KrF laser is directly applied

into the cell without filtering by a monochromator, because the

suT suT
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Fig. 4.1 Dimension of optical system.

radiation from the KrF laser is fully monochromatic. To measure

the power dependence of aerosol formation, we change P by in-
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serting a quartz glass plate as a ND filter between the excimer
laser and the cell. Then P becomes 1.8 mJ/cmz-pulse (without the
plate) and 1.3 mJ/cmz-pulse (with the platé). The beam size of
the KrF laser a£ the éell is about 1x1 cmz. '

The cell, which contains bits‘of p-dichlorobenzene, is fil-
led with air at 1 atm, at room temperature.

After applying 40 pulses from the excimer laser into the
. Obs
By R
(p=u,1 and 1=457.9, 632.8 nm), the intensity of the scattered

cell at the rate of about 5 Hz, we record the changes of I

light normalized by the intensity of the incident light as defin-

ed by Eq. (3.20). About 5~40 pulses is necessary to produce
particles enough to be detected by this experimental setup. A
few pulses is not enough. In order to protect the

photomultiplier, the power supply to photomultiplier is off dur-
ing UV irradiation.

We also make the scattering solid angle (A8xA¢ in
Figs. 3.4~3.6) small, by using the small 0.5%0.5 cm2 slit pléced
at 11.0 cm apart .from the pr§be beam as shown in Fig. 4.1
(compare with Fig. 3.8 for the previous experiments in
Chapter 3). If A8 is small, it is expected that the information
about the § dependence of Iz?i

over # as in Eq. (3.19). However the decrease of the solid angle

will be 1less lost by averaging

causes the diminution of the scattered light intensity to be
detected, then signal to noise ratio gets worse.

Unlike the optical setup in Chapter 3 (Fig. 3.8), the scat-
tered light is restricted through the slit described above, then
applied directly into the window _'of the photomultiplier
(Fig. 4.1). The ‘lens to correlation the scattered light is not

used. Then there is no loss by lens. In addition the dimension
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of observed field (L in Fig. 3.6) is clearly recognized; for the
image near boundary of observed field is blurred when lens is
used.

In order to determine the size distribution at a given time

T according to the method described in Chapter 3, we must measure
Obs
Hyd
tions of wavelengths (1=457.9, 632.8 nm) and polarizations (u=u,.1

the four values of I corresponding to the different combina-

) at the +time T. In Chapter 3, we did not measure this set of

Iibi strictly at the same time but at the series of different
H
times. In that case, the velocity of aerosol formation was much

slower compared with the time which was required to measure a set

of Iibi, then we could regard them as measured at the same time.
?
This time, in order to study the rapid change of particle size

distribution just after applying of UV radiation pulses, we get

the values of Izbi strictly at the same time by interpolation.
]

Obs

Th lysis of I
e analy 2,2

has be done as described in Chapter 3.

4.3 Experimental Results and Discussions

4.3.1 Temporal Change in Scattered Light Intensity

Obs
I’¥) 1’
respond to the case of P=z1.8 mJ/cmz-pulse and (c) and (d)

Figure 4.2 shows the change of I where (a) and (b) cor-
P=1.3 mJ/cmz-pulse, and T represents the time after "applying UV
radiation pulses. We take T=0 as the time when the first pulse

is applied. Compared with the case of the continuous exposure to

UV radiation in Chapter 3 (Fig. 3.9), the oscillation of Izbi is
?
very peculiar. There may be two possible interpretations. a)

The oscillation is due to the convection, and b) it stands for
the aerosol growth. When the convection exists, the cloud of

aerosol gradually goes away from the probe beams, and in a
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moment, comes back into the beam, then Izbi
?

as we observe by our eyes, we could not find the movement of

oscillates. As far

aerosol cloud. There must be no heavy convection. The oscil-
lation with loﬁg period of about 10 minutes in Fig. 4.2 may be
due to the convectioh. As discussed in Chapter 2, the air in the
cell is almost transparent to the UV radiation from the KrF laser

{1=249 nm), the heat source of convection may be the heating up

of the wall of the cell by UV radiation absorption.

As mentioned in Sec. 3.2.1 the wavelengths of light 'scat-
tered by pérticles of a certain radius depends on the radius of
the particle. As particle gfows larger, the 1light of 1longer
wavelengths becomes to be scattered effectively. Looking at

Fig. 4.2 carefully, one can notice that the phase of the oscil-

lation differs a little for each Izbj. If the oscillation is
?
completely due to convection, any component of Izbi changes in
’
phase. Therefore the oscillation partially stands for the

aerosol growth, and the difference between the phases in temporal

change of Izbi reflects size distribution and its temporal
, :
change.
Each IObs reaches its maximum within a few minutes after the

ay R
.end of applying the UV radiation pulses, i.e. after the begin-

ning of the measurement, then decreases rapidly. This processes
are very quick compared with the results obtained in Chapter 3.
We have carefully set the experimental conditions as same as
we can except for P, .pOWer density of incident UV radiation.
Though both Figs. 4.2(a) and (bf are in the cases of
P=1.8 mJ/cm2~pulse, the reproducibility is not necessarily good.
As to Figs. 4.2(c) and (d) (in the case of 'P=1.3 mJ/cmz-pulse),

the situation is the same. However, comparing Figs. 4.2(a), (b)
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Obs
i2,4=632.8 nm

on P is apparent. The

and (c), (d), especially paying attention to the

for each case, the dependence of Iibi
H

larger P is, the larger the amount of aerosol production is.

4,3.2 Temporal Change in Size Distribution

From Ig?i shown in Fig. 4.2, we determined the particle size
distribution at each T according to the method described in
Chapter 3. This time, we did not use the Modified exponential
distribution (Eq. (3.27)). we tested the Gauss (Eq. (3.23)), the
Log-normal (Eq. (3.24)), the Junge (Eq. (3.25)) and the Stevenson
distribution (Eq. (3.26)). The results are shown in »Fig. 4.3,
where (a), (b), (c) and (d) respectively éorrespond to the
results from Figs. 4)2(&), {b), (c) and (d). 1In any casé, during
our measurement, there seems to be no dramatic change of dis-
tribution function except for the gradual decreasing of the
height of distribution function.

At the beginning of T, particles are alread& grown up, the
size distribution is ©broadly heterodispersed and its wing had
spread to 0.2~0.3 zm. Just after the end of applying UV radia-
tion ©pulses, there must be a large amount of condensable species
produced by photochemical reactions. However, in Fig. 4.3, we
cannot find the process that such small species condense and grow
to be larger particles. We turn the power supply to the
photomultiplier on after the end of applying UV radiation pulses
in order to ©protect the photomultiplier. It takes about 10
seconds to apply all 40 pulses. We take T=0 as the time when the
first pulse is applied. Therefore, there is a blind period of
about 10 seconds at the beginning of measurement. Since the

initial process to produce aerosol is very quick and is coﬁpleted
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Fig. 4.3 Temporal change in particle size distribution.

In the cases of (a) and (b), P=1.8 mJ/cmz-pulse; and in (c¢)

and (d), P=1.3 mJ/cmz-pulse. Symbols "G",. "L", "J" and "S"

respectively represeht that the Gauss, the Log-normal, the
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Fig. 4.4

the casés‘of (a) and (b), P=1.8 mJ/cm2~pulse; and in

(d), P=1.3 md/cm®
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during the blind period.

In Fig. 4.3, the character "g", "L", "J" and "S" respect-
ively represents that the Gauss, the Log-normal, the Junge and
the Stevenson distribution give thg best fitting at each T.
There is4no superiority among these four assumed functions. The
best function is not fixed. It frequently changes for different
T. From Fig. 4.4, which shows the change of E, the mean square
deviation defined by Eq. (3.28), it is clear that there 1is no
significant difference between the values of E of four assumed
functions. As discussed in Sec. 3.4.2, the particles of radii

larger than 0.1 gm are dominant in our analysis. Any assumed

function which spreads broadly in this radius range gives more or
less good fitting. vThe particles already grow up and spread
broadly in this radius range, then there is no superiority among
four assumed functions. We are confident of the results in this
radius range. To the contrary, we cannot mention clearly to. the

distribution of radii smaller than 0.1 am.
As mentioned in Sec. 4.1, the realized distribution function
is- believed to be .1ike the Log-normal according to the theory of

3)

condensation by Brownian motion. However, the Log-normal is no
more than the approximate solution obtained from the numerical
calculation. The validity of the Log-normal distribution at
least in the visible light scattering region is not necessarily
assured. From our results, the superiority of the Log-normal
seems to be not clear.

In the case that the UV radiation from the Dz—lamp is con-
tinuously applied' during the measdrement_as in Chapter 3, the

shape of distribution function becomes narrow and near

monodisperse for large T (Fig. 3.10). Unlike that case, such a
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sharpening of distribution function for large T is not found this
time (Fig. 4.3). The difference is due to whether the continuous
subply of condensable species is present or not. Such a sharpen-
ed and nearly monodispersed distribution is not formed without

the supply of new products.

4.3.3 Temporal Change in

Number, Radius, Surface and Volume

Figure 4.5 shows the changes of moments of distribution

function, i.e. number N(a radius R(a surface S(a and

th)’ th!’ th’
volume V(ath) calculated from Egqs. (3.34)~(3.37). Here we also

adopted the Stevenson distribution throughout T as we done in
Sec. 3.4.3. We calculated these moments for ath=0.05, 0.1, 0.15

and 0.2 um. Compared with the results from the case that the UV

radiation from the Dz—lamp is continuously applied during the
measurement as in Chapter 3 (Fig. 3.13), it 1is remarkable that
all moments of N(ath)’ R(ath)’ S(ath) and V(ath) change similarly
in phase. Under the ideal conditions, the volume must be con-
servative, for we do not produce any more condensable species
after the end of applying UV radiation pulses. Therefore the
similar change of N(ath) and V(ath) suggests the following. The
process such as coalescence or condensation is not effective in

changing these moments. The changes of moments are mainly due to

the spatial fluctuation of particle distribution, for instance,
convection.
However, the evidence of aerosol growth is also found. Let

us pay attention to the change of volume, especially to
Fig. 4.5(c). The ratio of the partial volume of particles with

radii 0.15~0.2 gm to that with radii 0.1~0.15 gm 1is gradually
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increasing, which shows the aerosol growth. Since the increase
of number of particles wifh radii 0.15~0ﬂ2 am, 1is not clearly
found, the process of growth is due to deposition of small
particles (a<0.05 uzm) onto the surface of large particles.
Compéring Figs. 4.5 (a}, (b) (for P=1.8 mJ/cmz-pulse) and
(c), (d) (for P=1.3 mJ/cmztpulse), the volume of the former cases
is increasing 1little by little for large T. On the other hand,
the volume of the latter cases is decreasing. Since the
quantitative reproducibility is not necessarily good as remarked
before, it is not clear whether the difference is correctly due

to the P dependence of aerosol formation or not.
4.3.4 Aerosol Formation at the Beginning

For T=150~200 sec in Fig. 4.5, all moments of number,

radius, surface and volume once decrease rapidly, then they again

increase. Such a rapid decrease is also shown in the temporal

change of Iibi (Fig. 4.2). What is the cause of this rapid
1 .

decrease?

To survey-this, we studied the changes of distribution func-
tion and moments with finer time resolution for T<300 sec. The
results are shown in Figs. 4.6 and 4.7, where (a) and (c) re-
spectively correspond to the cases of (a) and (c) in Figs. 4.2,
4.3 and 4.5. From Figs. 4.6 and 4.7, it is found that both dis-
tribution function and moments dramatically change at the Dbegin-
ning. |

In Fig. 4.6, the distribution‘_is already developed at
T=20 sec. It is peculiar compared with the case that the UV
radiation from the D2—lamp is continuously applied during the

measurement as in Chapter 3. Let us pay attention to
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Figs. 4.5(a) dnd 4.6(a) (both are for P=1.8 mJ/cmz-pulse). As
time elapses, the wing of distribution function spreads to larger
radii and the height of it decreases rapidly. As the distribu-
tion changes, the moment reaches its maximum at T=30.sec, then
decreases-rapidly, wﬁich shows the growth of aerosol is at its

peak for T~30 sec, then it decreases.

As the terminal settling velocity of a particle with radius

4

0.1 zm is about 10~ cm/sec.4) The thickness of aerosol cloud is

about 1 cm (the beam size of the KrF laser at the cell is ‘about
1x1 cmz) and.we probe the center of it by the probe beam with
diameter about 1 mm, then iﬁ takes about 1 hour for the settling
to sweep particles away completely. Such a quick disappearance
of particles cannot bé explained by the gravitational settling.

From Fig. 4.7, the number of particles of radii 0.2~0.3 zm

and that of radii smaller than 0.2am fluctuate together in

phase. The rapid disappearance of particles seems to be due to
the convection. The convection carries particles away from the
probe beam. As the particles group in the small volume in the

air at the beginning of T, even small motion causes the rapid
disappearance of particles from the view. As time elapses,
particles diffuse in space, then such a rapid change is no longer
observed when the cloud of particles is carried into the probe
beam again by convection.

It is difficult to discuss the P dependence of moments
gquantitatively because of this. convection. However, comparing
Figs. 4.7(a) " and (¢ ), the existencg of P dependence is clear.
The ‘higher P is, the larger the amount of produced aerosol is.

Comparing Figs. 4.7(a) and (c), we find.the following. In

the case of P=1.8 mJ/cmz-pulse (for Fig. 4.7(a)), the peaks of
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moments are observed. On the other hand, in the case of
P=1.3 mJ/cmz-pulse (for Fig. 4.7(c)), peaks are not observed.
Large P seems to cause the delay of aerosol growth. However, we

do not know the mechanism so far.
4.4 Conclusions

In this chapter, we reported on the aerosol formation from

p-dichlorobenzene induced by a KrF excimer laser (1=249 nm). We

studied the temporal change of its particle size distribution in

detail. The method was the same as used in Chapter 3, i.e. we
measured the wavelength- and polarization-dependence of the
light scattering by aerosol particles, then determined the

adjustable parameters of the assumed size distribution.function
so that the measured dependence and the theoretically calculated
dependence would agree well.

Unlike the experiment reported in Chapter 3, where we’
pfoduced aerosol by continuous exposure to UV radiation, we in-
itially produced the large amount of condensable species in a
brief time by applying the 40 pulses of UV radiation from the KrF
excimer laser into the vapor of p-dichlorobenzene, then observed
the change of the size distribution of particles which were con-
densed from the species without any more production of them.

Under such a condition, it is expected that the monodispers-
ed distribution composed of initially produced condensable
species is first built wup, then it is developed into broadly
dispersed distribution by condensation or other aerosol growth
processes.

Contrary to our expectation, we could not observe the

process because the process was very quick and was completed
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during the brief time of applying UV radiation pulses. At the
beginning of measurement,A the size distribution was already
developed. It is dgsirable to produce the initial aerosol by
exposure to a single UV radiation pulse. Considering the fear
that the. latter one of series of pulses may destroy the con-
densable species produced by the former pulses, production by
single pulse is desirable, too.

For that attempt, it is necessary to rise the power of the
excimer laser or the sensitivity of the detection of the scat-
tered light. The former may destroy the products, so the latter
is better.

The measured size distribution was different in some
respects from the results obtained in the case that aerosol was
produced by continuous expoéure to UV radiation as in Chapter 3.
The sharbening of the distribution for large T is not found. The
distribution was developed rapidly in the initial brief time
(about less than 30 sec), then it was spread broadly and its wing
reached the radii no less than 0.3 am.

The comparison with the Brownian condensation theory is not
achieved, for the guantitative discussion is difficult because of
the convection. As the power of the KrF laser is concentrated in
narrow wavelength range, the conQection caused by the heating up
of the wall of the cell or that of the air in the cell is ef-
fectively suppressed compared with the case that the radiation
from the Dz-lamp is applied directly without filtering. However
the suppression seems to be not enough for the experiment of this
type. The measure to suppress the convection is necessary. The

cell with temperature gradient may be effective.
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CHAPTER 5

INFLUENCE OF OXYGEN IN SURROUNDING GAS AND CHLORINE IN

RAW MATERIAL ORGANIC COMPOUND ON AEROSOL FORMATION

5.1 Introduction

In Chapter 2, we studied the aerosol formation from twenty
kinds of organic compounds under three different experimental
conditions: (1) exposuré to UV radiation from a Dz—lamp, which
radiates UV radiation of continuous spectrum from 180 to 400 nm
in wavelength; (2) exposure to UV radiation from a KrF excimer
pulse laser, which radiates UV radiation of monochromatic
spectrum with wavelength 249 nm; (3) exposure to ozone (03) in

1)

the absence of UV radiation.5 According to the experimental
results obtained in Chapter 2, we can classify the compounds into
four types.

Type 1 is active to both UV radiation from the KrF laser and
ozone. Aniline, phenol, styrene, a- and g-pinene, isoprene and
limonene belong to this type. 1In this case, not only the process
related to ozone but also the process related to UV light absorp-
tion concurrently proceed.

Type 2 is active to UV radiation from the KrF laser but
inactive to ozone. This type consists of benzene, chlorobenzene,
o- , m- and p-dichlorobenzene, naphthalene, toluene and xylene.
They are aromatics. There is no compound of this type belonging
to terpenes. In this case, the process related to ozone 1is not

dominant. The process related to UV light absorption including

the wavelength of 249 nm must be essential.
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Type 3 is inactive to the KrF laser but active to ozone. In
this case, the absorption of UV light by organic compounds is hot
essential. The reaction with ozone produée aerosol. However, as
far as we know, thereAis no compound belonging to this type.

Type-4 is inactive to both UV fadiation from the KrF laser
and ozone. This group consists of benzoic acid, diphenyl,
cyclohexane, camphene and camphor. The process related to the UV
light absorption with wavelengths shorter than 249 nm must be
essential. Ozone has nothing to do with aerosol production at
least in thé beginning.

It must be possible to determine more directly and more
clearly whether the presence of oxygen (62), whigh is also the
origin of 03, plays major roles in the photochemical aerosol
formation or not.

In this chapter, we attempt to answer the question more

directly than in Chapter 2. We will report on the aerosol forma-

tion experiments using a fully airtight cell filled with pure

argon (Ar) ¢gas. In the cell, the pressure of remaining 02 is
less than about 10'-5 torr. We test p-dichlorobenzene and a-
pinene, and observe whether the aerosol is produced or not. The

UV radiation source used here is the Dz-lamp.
In addition to the experiment above, we try to identify the
products from p-dichlorobenzene and a-pinene by gas-

chromatdgraph-mass—spectroscopy (GCMS) and infrared-spectroscopy
(IR). 1If 02 is indispensable in aerosol formation, the traces of
O2 must be found in thé products.

One more'.experiment will we present here. The aerosol
producibility of p-dichlorobenzene is the highest among the com-

pounds we tested in Chapter 2. From the observation by eyes, it
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seems that aerosol producibility' of p-dichlorobenzene is excel-
lent compared with other compounds when exposed to UV radiation.
However, as far as we know, there is no report which refers to
the high aerosol producibility of p-dichlorobenzene so far.14)

Comparing p-dichlorobenzene with other compounds, we notice
that the peculiar feature of p-dichlorobenzene is to include
chlorine (Cl) in the moleéule.

As to the role of Cl1 in photochemical reactions, a in-
teresting and significant  problem is recently presented
recently. Freons (CFC13, CFZClZ)’ which are very stable com-
pounds and are widely used as a coolant of refrigerator or a gas
of splay, go into the upper atmosphere of 30~40 km in altitude,

where they absorb UV radiation of short wavelengths in solar

radiation and dissociate to be Cle (x=0,1), i.e.

Freons + hv oD Cle . (5.1)

The C1 radical produced in this way reacts with O3 in the ozone

layer as

0 + Ccl -—=> (0] + Clo (5.2)

and

0] + Clo0 -—= 02 + Ccl . {5.3)

As Ql plays a role of catalysis, there is a fear that Cl1 effec-
tively destroys the ozone layer in spite of its very small
amount. As a result of destroy of ozone layer, injurious UV
radiation of short wavelengths may reach the ground and/or the
heat balance of the earth may be broken.zo)

It may be possible that the Cl in the compound such as p-

dichlorobenzene also plays a similar significant role and con-
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tributes largely to aerosol formation in the organic aerosol
formation. -
To study the aerosol producibilities of chlorides, we ex-
amined the aerosol fofmation from mono-(CGHSCl), di-(C6H4Clz),
tri-(CGH3C13), tetra-(CgH,Cl,) and hexachlorobenzene (CgClg) by
UV radiation. The aerosol producibility of each compound is
evaluated by the measurement of light scattering from produced
particles. The method to measure light scattering is the same as

used in Chapter 3 and 4.
5.2 Aerosol Formation Experiments under Several Conditions

5.2.1 Aerosol Formation from p-Dichlorobenzene and a-Pinene

in Pure Argon Gas

The experimental setup is shown in Fig. 5.1. All tubing is
made of pyrex glass except for the window of the cell, which is
made of quartz transparent to UV radiation of wavelengths longer
than 180 nm. The cell volume is about 100 cc. All removable
joints keep airtightness by viton O-rings, and all stopcocks
Ci~C4 are teflbn cocks in order to avoid the use of stopcock

grease. There is a report that even silicon grease has an in-

31) We assured 1in the

fluence upon the aerosol formation.
preliminary experiment that the vapor of silicon grease produced
aerosol in spite of its very low vapor pressure when exposed to
UV radiation from the Dz—lamp. In addition, liquid of a-pinene,
which we will test in this exberiment, dissolves silicon grease,
as a result, the stopcocks become fixed, and the experiment
becomes impossible.

First all the tubing and the cell are pumped down and bak-

ed. Especially the inner wall of the cell is exposed to the UV
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radiation applied through the quartz window from the Dz—lamp, and
cleaned. The pressure of remaining gas finally reacﬁeg
41078 torr. |

Then we shut C3 ahd C4, leak the air into the sample holder
and remove it. We first put p-dichlorobenzene of about 5 g in
the sample holder, then install it again. Opening Cl1 and C2, we
exhaust the air from p—dichldrobenzene. After fully pumping
down, we close C2, cool the empty branch of sample holder by ice
water and heat the branch containing p-dichlorobenzene by ribbon
heater. Then p-dichlorobenzene becomes to move to the cooled
branch by sublimation. Duriﬁg the movement, the air in the solid
of p-dichlorobenzene is released. When the movement is com-
pleted, we open C2 and pump down the sample holder. Repeating

this operation 5~10 times, we can make the pressure of remaining
gas about 4><10—6 torr.

Then we close Cl and open the C2 and C4. Cooling the wall
of the cell by ice, we condense a small amount of. P-
dichlorobenzene onto the wall of the cell. Then we close C2,
open C3 and £fill the cell with pure Ar gas at about 1 atm, at
room temperatufe. After closing C4, we apply UV radiation from
the Dz—lamp into the cell and observe whether aerosol is produced
or not.

After testing p-dichlorobenzene, we disassemble the tubing
to pieces. In order to remove p-dichlorobenzene we wash the
cocks, the Jjoints, the cell and the sample holder by acetone,
ethanol and pure water, then fully dry.them. We dispose other
glass tubing off and reconstruct the system with new pyrex glass
tube, for it is difficult to remove the p-dichlorobenzene

deposited on the wall of the tubing glass. Using the newly con-
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structed system, we next test a-pinene similarly.

5.2.2 Identification of Products

from p-Dichlorobenzene and a-Pinene

To identify the products, we prepare the sample for analysis
by the procedure shown in Fig 5.2, We put a sample (p-

dichlorobenzene or a-pinene) in the 50 cc beaker and apply UV

“\ D,LAMP
3 1 '
) MRS ACETONE
PN SAMPLE
TL : AEROSOL
Fig. 5.2 Preparation of sample for gas-

chromatograph-mass-spectroscopy.

radiation from the D2—lamp. After an hour exposure to UV, we
wash out the products deposited on the wall of the cell by
acetone. Repeating this operation, we condense the products in
the acetone. The samble is analyzed by GCMS. The preparation of
the sample for GCMS is not done in the pure Ar, but in the usual

air.

5.2.3 Aerosol Formations from

-Mono-~, Di-, Tri-, Tetra- and Hexachlorobenzene

In order to evaluate the aerosol producibilities of kinds of
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chlorobenzenes, we measure the intensities of the light scattered
by aerosol particles which are produced from mono-; 1,4 di-
{para-); 1,2,3 tri-; 1,2,4,5 tetra- and hexachlorobenzene by UV
radiation. |

The experimentai setup is the same as wused in Chapter 3
(Fig. 3.7). The uv radiation from the D2—lamp is made
monochromatic through the monochromator tuned at 220 nm in wave-
length, then applied into the call, which contains a small amount
of compound in 1it. The monitor beams from the Ar+.laser
(1=457.9 nm).and the He-Ne laser (1=632.8 nm) are applied into
the cell from the antiparallel direction of the UV radiation
irradiation. The intensities of the scattered light are detected
by photomultiplier from the direction with the angle 90* from the
direction of the propagation of monitor beams, and recorded.

We compare the aerosol producibility of each compound based
on the intensity of the scattered light. This time, we do not

attempt to estimate the particle size distribution.
5.3 Experimental Results and Discussions

5.3.1 Influence of the Presence of Oxygen on

Aerosol Formation and Constituents of Products

As to the results of experiments with pure argon gas, the
aerosol formation from p-dichlorobenzene was observed. A large
amount of aerosol was produced in a few minutes after the 4D2—
lamp on. After two hours exposure to UV light, a large amount of
aerosol was obsgrved floating in Ar gaé in the cell.

On the othef hand, for the case of the aerosol formation
from a-pinene, a large amount of aerosol was similarly produced

within a few minutes after the beginning of UV irradiation, but
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most of it disappeared in thirty minutes in spite of continuous
exposure to UV radiation. After two hours exposure of UV, only
small amount of aerosol was observed floating in the cell. Then
we turned the Dz—lamp off. An hour later, after assuring that
there is no aerosol observed in the cell, we again turned the D,-
lamp on. Then a large amount of aerosol was reproduced within a
few minutes. However, one hour later, the aerosol disappeared
again in spite of continuous exposure to UV radiation. When thé
most of‘ aerosol disappearéd, we leaked the cell and introduced
air in it. Then the aerosol appeared again and it did no longer
disappear after two hours exposure to UV radiation.

The results from GCMS shows two kinds of ﬁinene—monoxides,
a-campholene aldehyde and iso-pinocamphene (both are CIOHISO) are
found in the products from a-pinene. From the preliminary ana-

lysis by IR, >C=0 and -O-H bonds were found in the products from
a-pinene, which supports the results from GCMS.

As to the products from p-dichlorobenzene, we could not
separate the constituents from the sample except for the raw
material by gas-chromatography (GC).

Based on the results obtained above, we conclude as fol-
lows. As to the aerosol from p-dichlorobenzene, the presence of
O2 is not indispensable for aerosol formation, which is con-
sistent with the conclusion in Chapter 2, that is, the UV light
absorption of p-dichlorobenzene mast be the beginning of aerosol
formation and O2 or 03 rlays no significant role.

To the contrary, as to‘the aerosol formation from a-pinene,
the presence of O2 seems to be essential. According to the con-

clusion. in Chapter 2, the aerosol formation from a-pinene in-

cludes two processes, the one related to 03 and the other Thaving
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no concern with O3 but related to UV light absorpfion. The
results obtained here that the aerosol is produced in the absence
of O2 is consistent with the conclusion in Chapter 2, i.e. there
is a process which proceeds withoutlo3 in addition to the process

related to O However, the products produced in the absence of

3
02 seems not to be stable, for the aerosol produced in the
absence of O2 disappears soon. To obtain the stable products,
the presence of 02 is necessary. The products may be stabilized
by oxidation.:

The peaétion in the absence of O2 seems to be reversible,
for the aerosol becomes reproducible after an hour lights-out.
The aerosol in the absence of 02 may be stable only under a
thermal wunequilibrium state, for example, under a large gradient
of temperature in the cell.A When the cell is uniformly heated up
by the radiation from the Dz-lamp, the aerosol is no longer
stable and disappears.

Though there is a report that pinene trioxides are found in
the smog chamber experiments with pinene simulating photochemical
smbg,14) this work is the first report of monoxide of a-pinene as
far as we know. Anyway the stable constituents of products from
a-pinene are oxides.

To the contrary, we failed in identifying the products from
p-dichlorobenzene. The solution of p-dichlorobenzene in acetone
is colorless and transparent, whereas the acetone which dissolves
the products from p-dichlorobenzene is colored a }ittle brown,
which shows some constituents of products are in solution.
However we cduld'not separate them by GC. The constituents may
be too heavy to be analyzed by GC.

We will present one more remark as to the influence of sur-
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rounding gas on aerosol formation. Results from Chapter 3, espe-
cially from Sec. 3.4.8, suggests that the influence of sur-
rounding gas is as pure Nz, air, pure O2 in order of the amount
of produced aerosol or the velocity of aerosol growth. Though
the experiment in Chapter 3 1is devoted to aerosol from p-
dichlorobenzene, this tendency is general for any compound, and
is independent of the tyﬁes of compounds. Even when the compound

to be tested is a-pinene, the velocity of aerosol production in
pure O2 {(~ 1 atm in pressure) is much slower than in air or in
pure Nz. It is easily assured by eyes without any quantitative
measurement that the aerosol production is extremely delayed in
pure O,. As shown in Fig. 3.13, where (a), (b) and (c) are re-
spectively in the cases that the surrounding gas is ai?, N2 and
02, the total volume of aerosol which is finally produced does
not differ for each case of pure N2’ air and pure 02. The effect
of the presence of 02 seems to delay the aerosol growth.

The scattering cross section of 02 or 03 in the wavelength
range we concerned is too small to explain the delay by UV 1light
absorption. 1IN other words, it is unlikely that UV light absorp-
tion of O2 or 03 weakens the intensity of UV, as a result, the
photochemical reaction to produce aerosol is suppressed.
Therefore, in the aerosol ppoduction system containing dense O2
{~ 1 atm in pressure), there must be a certain photochemical
mechanism to delay aerosol growth. For example, O radical

produced photochemically from 02 (see Eq. (2.4)) may destroys the

products or other indispensable species such as OH.
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5.3.2 Influence of Chlorine in Benzene Chlorides

on Aerosol Formation

The temporal change of the light intensities scattered by

aerosol particles produced from mono-, di-, tri-, tetra- and
hexachlorobenzene are shown in Fig. 5.3. The scattered light
intensity Iibi in Fig. 5.3 are defined as same as in Chapter 3

’ -

{see Eq. (3.20)), but the unit is arbitrary one, for we could not
compare these five cases quantitatively. When the experiméntal
condition fbr 1,4 dichlorobenzene was as same as for other com-
pounds, the scattered light was too strong to be measured. Then

we unwillingly made the slit width of the monochromator narrower

in order to decrease the power of incident UV radiation. Other
experimental conditions are same for each case. The slit width
was 1.0 mm for 1,4 dichlorobenzene and 1.5 mm for others. Even

with such a handicap, aerosol producibility of dichlorobenzene is

excellent. We conclude that the aerosol producibilities of these
compounds are as follows. The aerosol producibility of
dichlorobenzene 1is excellent. Then those of mono- and
trichlorobenzene follow in this order. The producibilities of
tetra- and hexachlorobenzene are much inferior compared with
those  of other three. In the cases of tetra- and
hexachlorobenzene in Fig. 5.3, Ii?i randomly fluctuates, which

suggests. that 1little amount of aerosol was produced and the
signal of the scattered light is buried in the noise. However,
when the UV radiation from the Dz—lamp is applied directly
without any filtering large amount of aerosol is also produced
from tetra- and hexachlorobenzene.

The compound that includes more number of Cl atoms in its
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Fig. 5.4 Light absorption of kinds of benzene chlorides
{mono-, di-, tri-, tetra-, penta- and hexachlorobenzene) in

ultrav;oret range, which shows that the logarithm of molar

absorption coefficient ¢ takes the maximum value log e at

wavelength lmax'
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molecule do not necessarily produce larger amount of aerosol.
Figure 5.4 shows the lmax‘ and log e for each compound, which
reﬁresents that the logarithm of molar absorption coefficient ¢
takes the maximum value log e at wavelength Anax® AS the number
of Cl included in a molecule increases, the band of UV 1light
absorption shifts to longer wavelengths. Under our experimental
conditions, the wavelength of incident UV radiation is fixed at

220 nm. If the distance between lma and the wavelength of in-

X
cident UV is dominant, monochlorobenzene must give the highest
aerosol producibility. However, the log ¢ and Amax do not mean
the true maximum but the local maximum. In general, strong UV
light absorption of aromatics such as chlorobenzenes spreads
broadly at about 200 nm in wavelength. Therefore the lo& aerosol
producibility of the compound which contains many Cl atoms in its
molecule cannot be explained from the position of ? — The
geométricél feature of dichlorobenzene must give the high aerosol
producibility. Therefore it may be interesting to study aerosol

producibilities of o-, m- and p-dichlorobenzene quantitatively.

On the other hand, ‘the role of Cl dose not clear yet.

5.4 Conclusions
In the aerosol formation from p-dichlorobenzene, the
presence of 02 plays no significant role. In the absence of 02,

a large amount of aerosol is produced and the products are fully
stable.

On the other hand, the aerosol produced from a-pinene in the
absence of O2 is not stable and disappears soon. To stabilize
it, the presence of O2 in the surrounding gas is indispensable.

The stability of products may be caused by oxidation.
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Two kinds of pinene-monoxide, a-campholene aldehyde and iso-
pinocamphene were found in the products from a-pinene, which ‘ig
consistent with the the conclusion obtained above. On the other
hand, we could not identify the constituents of products from p-
dichlorobenzene.

The aerosol producibility of dichlorobenzene is the highest
among five chlorobenzenes tested here. Then those of mono- and
trichlorobenzene follow. The aerosol producibilities of tetra- -
and hexachlorobenzene are much lower than those of previous
three. The number of Cl in a molecule seems not to correlate the
aerosol producibility. Thé geometrical feature of molecule may

be more dominant.
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CHAPTER 6

CONCLUSIONS

Iﬁ this thesis, we have reported on the aerosol formation
from organic compounds by wultraviolet (UV) radiation. Twenty
kinds of organic gases produce aerosol when exposed to UV radia-
tion. Typical compound is, for example, p-dichlorobenzene. The
effective wavelengths of UV radiation are shorter than about
310 nm, and their long limits differ a little for each compound.
These effective wavelengths are much shorter than that of
photochemical smog.

We have used a UV light source of continuous spectrum (a Dz—
lamp; 180<1<400 nm) and a monochromatic source {(a KrF excimer
laser; 1=249 nm), then compared the difference of aerosol forma-
tion in each case. We have also sfudied the aerosol producibil-
ity of each compound with ozone in the absence of UV radiation.

As to the aerosol produced from p-dichlorobenzene, we have
studied in detail the particle size distribution and its temporal
change in both cases of continuous exposure to UV radiation (from
the Dz—lamp) and brief exposure at the beginning (from the KrF
laser).

We have also examined ithe aerosol formation from p-

dichlorobenzene and a-pinene in pure argon gas to study the role
of 02 in photochemical process.
Then we have tried to identify the products in aerosol

produced from p-dichlorobenzene and a-pinene. In addition, in

order to study the role of chlorine in raw material molecule, we
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have studied the aerosol producibilities of several kinds of
benzene chlorides (moho-, di-, tri-, tetra- and
hexachlorobenzene). |

In Chapter 1, we have presented a brief review of the
natural and artificial aerosols. We have introduced the aerosol
of our main interest, the aerosol formation.from organic gases by
UV radiation. The outline of this thesis has been explained.

In Chapter 2, we have reported on the aerosﬁl formation
experiments uSing a Dz—lamp and a KrF laser. In addition td the
experiments wusing these sources of UV light, we have studied
whether aerosol was produced or not by reaction with 03 in the
absence of UV radiation. As a result, we found that twenty kinds
of organic compounds produced aerosols when exposed to UV radia-
tion of gontinuous spectrum from the Dz—lamp. The effective
wavelengths of UV radiation are different for each compound, but
their long limits are not longer than about 310 nm. We ‘have
presented the classification of them according to the activity to
03 and UV radiation from the KrF laser, and discussed the dif-
férence of process in each case.

Type 1 is active to both UV radiation from the KrF laser and
03. Aniline, phenol, styrene, a- and p-pinene, isoprene and
limonene belong to this type. The aerosol formation of this type
includes two different processes, the one is that the UV light
absorption of organic compound is essential, and the other |is
that O3 produced photochemically from 02 in the air reacts with
‘organic compound and produces aerosol.’

Type 2 is.active to UV radiation from the KrF laser but
inactiye to 03. "'The absorption band of organic compound in-

cluding 249 nm, the wavelength of the KrF laser, must be essen-
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tial., This type consists of benzene, chlorobenzene, o- y m- and
p-dichlorobenzene, naphthalene, toluene and xylene. They are
aromatics. There is no compound of this type belonging to
terpenes.

3

However, as far as we tested, there is no compound belonging to

Type 3 is inactive to the KrF laser but active to O,.

this type.

Type 4 is inactive to both the KrF laser and 03. This group
consists of benzoic acid, 'diphenyl, c¢yclohexane, camphene and
camphor. The UV absorption band of wavelengths shorter than
249 nm must play major role. Ozone has nothing to do with
aerosol production at least in the beginning.

In Chapter 3, we have reported on the optical measurements
for the particle size distribution of aerosol produced from r-
dichlorobenzene by UV radiation with wavelength 220 nm (almost
monochromatic), with power density about 1 mW/cmz. The method is
based on the measurement of the wavelength- and.polarization-
dependence of the light scattered by particles.

Generally the assumed functions such as the Gauss, the Log-
normal and the Stevenson seem to be superior in giving good fit-
ting to particle size distribution and in estimating several
moments of distribution function such as total number, radius,
surface and volume. The Junge and the Modified exponential are
also useful partially.

The illustration of aerosol formation in the air is as fol-
lows. For T<6 min, where T represents the time after the begin-
ning of UV 1light irradiation, the aerosol formation is homoge-
neous. The number of particles rapidly rises up until it reaches

the peak at T~6 min. At the peak, the number density of
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particles, most of which consists of particles of radii smal;er
than 0.1 zm, is more than about 3x106 particles/cm3. For
T>6 min, particles grow mainly by coalescénce. The total number
deﬁsity of particles decreases, whereas the total volume density
increases until T~13 min. It ié due to the deposition of
products onto surface of particles, that’ is, the growth of
particles is partially heterogeneous. The distribution function
becomes broader and broader until T~10 min, then it becomes nar-
rower again. For T~13 min, the increase of total volume is

4

saturated at 1.7x10 um3/cm3, where the most frequent radius is

about 0.2 gm and the total number is about 7x105 particles/cm3.
The breadth of distribution becomes narrower and narrower. For
large T, the distribution is near monodisperse, where most

frequent radius is about 0.2 am, the total number and volume are

4 3 respectively. The

5x105 particles/cm3 and | 1.5%10 uma/cm
largest radius seems to be restricted by gravitational settling.
At this stage, the loss by gravitational settling and the gaih by
photochemical produdtion of partiéles almost balanée.

In Chapter 4, we have reported on the aerosol formation from
p-dichlorobenzene induced by brief exposure to UV radiation from
a KrF excimer laser. We studied the temporal change of its
particle size distribution in detail. The method was the same as
used in Chapter 3.

Unlike the experiment reported in Chapter 3, we initially
produced the condensable species in a brief time by applying the
several pulses of UV light from the KrF excimer laser into the
vapor of p-dichlorobenzene, then obserQed the change of scattered
light intensity without any more applying UV radiation.

Under such a condition, it was expected that the
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monodispersed distribution which was composed of initially
produced condensable species was first built up, then it was
deVeloped into broadly dispersed distribution by condensation or
other mechanisms of aerosol growth.

Contrary to our expectation, we could not observe the
process because the process was very quick and was completed
during the brief time of applying UV radiation. At the beginning
of measurement, the size distribution had been already
heterodispersed.

The measured size distribution was different from that
obtained in Chapter 3 in some respects. The sharpening of the
distribution for large T was not found. The distribution
developed rapidly in the inigial brief time (about 1less than
30 sec), then it spread broadly and its wing reached the radii of
0.3 am. The distribution observed was fluctuated due to con-
vection.

In Chapter 5, we have reported on the several experiments in
order to study the influences of the presence of O2 in sur-
rounding gas and  the presence of chlorine in row material
molecule on aerosol formation. We have performed the aerosol
formation experiments by UV radiation with p-dichlorobenzene and

a-pinene in pure argon gas of about 1 atm in pressure in order to

study the influence of 02. We have also produced aerosol from
several kinds of benzene chlorides (mono-, di-, tri-, tetra- and
hexachlorobenzene) by UV radiation and have evaluated their
aerosol producibilities by measuring the 1light scattering in-
tensities from aerosol particles. In addition to these ex-
periments, we have tried to identify the constituents of products

from p-dichlorobenzene and a-pinene be gas-chromatograph-mass-
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spectroscopy.
For the aerosol formation from p-dichlorobenzene, the
presence of O2 plays no significant rolé. In spite of the

absence of O a large amount of aerosol was produced and the

20
products were fully stable. On the other hand, the aerosol
produced from a-pinene in the absence of'O2 was not stable and
disappeared soon. To stabilize 1it, O2 is necessary and the
stability of products may be caused by oxidation for the case of
a-pinene.

Two kinds of pinene-monoxide, a-campholene aldehyde and iso-
pinocamphene were found in the products from a-pinene. On the
other hand, we could not identify the constituents of products
from p-dichlorobenzene.

The aerosol producibility of dichlorobenzene is the highest

among five kinds of benzene chlorides tested here. Then those of

mono- and trichlorobenzene follow. The aerosol producibilities
of tetra- and hexachlorobenzene are much lower than those of
previous three. The number of Cl in a molecule seems not to

correlate the aerosol producibility. The geometrical feature of

molecule may be more dominant.
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