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ABSTRACT

This thesis deals with studies on the laser-production of alkali
hydride particles, which can be observed when alkali atoms or molecules
are excited in hydrogen gas. These particles are called '"laser snow",
because they are white crystals when the gas temperature is relatively
low and fall down from a laser beam through gravity.

The laser-production of such particles was first observed by
Tam et al, in 1975 when cesium atoms mixed with hydrogen molecules are
excited by a laser beam. We have extended the work in this direction,
and found firstly that the alkali hydride particles are also produced
by exciting alkali molecules. Some possible chemical reactions
have been proposed for the production of alkali hydride molecules,
from which the larger particles are considered to be produced by
condensation in the initial stage. The first measurements of the
size distribution of the particles have been made, without perturbing
the production, by using light scattering method, and the precise
temporal changes of the size distribution during the growth of particles
have been obtained. Until the present work, such measurements of
the temporal changes had not been reported even for the production of
many other particles, although they are known to be very important to

reveal the particle-growth.



In general laser radiation can induce selective photochemical
reactions which are applicable to the isotope separation,
microfabfication of integrated circuits, and so on. This is because
lasers have the following advantages compared with conventional light
sources: i) high power, ii) high directivity, iii) narrow pulse width,
and iv) high monochromaticity.

The first half of this thesis is devoted to the studies of the
laser-production of alkali hydride particles, giving a particular
attention to the first observation of sodium hydride particles which
are produced by exciting sodium atoms and also by exciting sodium
molecules. Among the laser-produced alkali hydride molecules and
particles, we are particularly interested in sodium hydride, because,
in the study of>the planetary atmosphere, relatively large amounts of
sodium and hydrogen are known to exist in the upper atmosphere of the
earth and the atmosphere of Io, the satellite of Jupiter, under the
relatively strong solar radiation suitable to excite sodium atoms.

In the case of sodium hydride, particle formation is observed by
exciting sodium atoms to the 3P statesby adye laser beam tuned to the
one of sodium D lines, and also by exciting sodium dimers (Na, molecules)
to the B‘Hustate by an Ar* laser beam. Since Na atoms in the 3P states
have not energies enough to produce directly NaH molecules, two
possible processes to produce NaH molecules are proposed in this thesis.
One is that the collisions between two 3P state atoms excite one of

those atoms to highly excited states, which react with H, molecules,
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and the other is that the energies of the 3Pstates are used to excite
H, molecules to highly vibrational states, which react then with
the 3P state Na atoms and produce NaH molecules. Both of these
processes can explain the experimental fact that the threshold laser
power for producing NaH particles is inversely proportional to the
density of Na atoms, in other words, when the density of Na atoms in
the 3P states exceeds a. critical value for the particle formation,
NaH particles begin to be produced. In the case of the excitation
of Na, molecules, it is shown experimehtally that the threshold laser
power for production of NaH particles is inversely proportional to the
density of Na, molecules. This means that the density of Na, in the
B‘Hustate has a critical value for NaH particle formation. From
this fact, we find the importance of the reaction of the excited

Na, molecules in the B‘Hustate with H, molecules in production of NaH
molecules,which is energetically possible. The first experimental
evidence of the dissociation of the produced NaH particles by the
collisions with Na atoms in the 3P states are also reported here.

In the first half of this thesis, we describe also our experiments
on the production of CsH molecules and particles, under various
conditions of the exciting laser beam and of gases. We could
ascertain that the small particles are initially produced by condensation
of CsH molecules, from the experimental fact that a large amount of

these molecules are produced by the laser beam.
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In the latter part of this thesis, we report on the first measure-
ment of the size distribution of the laser-produced CsH particles, with
a particular attention giyen to its temporal changes. The measure-
ment of the size distribution is made by using the wavelength- and
éolarization—dependences of the light scattering by the laser-produced
particles, and its femporal changes are measured. In the calculation
| of the size distribution, the Mie théory is used for the light
Scattering by each particle, by assuming that the laser-produced
particles are spherical. To approximate the shape of size distri-
bution, the distribution functions of Gauss, Stevenson, and Junge are
~used as test functions; each having three parameters. The best-fit
test function and its parameters are determined at each moment after the
beginning of the laser-irradiation, by comparing theoretical and
experimental scattered light intensities. By using obtained size
distributions, the changes of number density, mean radius, and mean
volume are calculated, and then two growth mechanisms of particles under
several expefimental conditions are shown. One is the growth by
coalescence of particles, which is observed in the relatively high
temperature (T =330°C), and the other is the growth by condensation
of molecules, which is observed in the relatively low temperature

(T =300°C) and in the high laser power density case.
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Filg: 3:.18 A photograph of the typical CsH laser snow. The
experimental conditions were T =261°C, A =584.5 nm, and laser

power was 70 mW. (See page 70.)
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Fig. 3.20 A photograph of the white light scattering by CsH laser
snow produced by the Ar+ laser 457.9 nm line. The white light
beam diameter was about 10 mm and the Ar+ laser beam diameter was
about 15 mm. The cell temperature was 334°C and the Ar" laser
power was 210 mW. In this figure, we can see both the stripes of
the scattered light intensity and the changes of color or wavelength.
This means that there are spatial distributions of both the particle

density and the particle size. (See pages 75 and 134.)
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CHAPTER I

GENERAL INTRODUCTION

I.1 Introduction’

The laser-production of alkali hydride particles was first
reported by Tam et al.” in 1975 for CsH and RbH. This is an
example of laser-photochemistry (or simply laser-chemistry) and is
considered to be applicable for an isotope separation and a systematic
investigation of photochemistry, photonucleation, and so on.

However, the size distribution of laser-produced particles haé not
been measured yet. The measurements of size distribution, especial-
ly its temporal changes, are expected to give important informations
about the nucleation and particle growth mechanisms. This thesis is
concerned with our studies of the laser-production of alkali hydride
particles and of their growth mechanisms which are investigated by
observing the temporal changes in their size distribution.

Since the first report on the laser-production of alkali hydride
particles by Tam et al.})the laser-production of CsH particles have

2-5)

been discussed in several reports. However, the laser-production

of NaH particles had not been discussed until our study was reported

)

in 1980.6 On the other hand, there are also several reports on the



7-9)

laser—production of particles other than alkali hydride, on the

laser-induced chemical reactions}o) and on the light-induced particle

11-16) The photochemical reac-

formation by using conventional light.
tion and photonucleation processes of the laser-production of alkali
hydride particles observed in the present work will be discussed by
relating with these studies. Regarding the particle
growth mechanisms of the laser-produced alkali hydride particles, few
have been understood. We then investigated them by observing the
white light scattering from the laser-produced CsH particles, and we

could reveal the growth mechanisms of particles under several experi-

mental conditions.

I. 2 Laser and Laser Snow

The invention of a laser in 196017)has given us new possibilities
for many fields, one of which is the photochemistry. In general
lasers have following characteristics: i) high power, ii) high direc-
tivity, iii) narrow pulse width; and iv) high monochromaticity. These
characteristics are useful in chemistry for controlling chemical
reactions and for inducing new photochemical reactions. Especially
much progress in spreading the range of laser wavelengths and in
developing the tuning and stabilization of laser frequency has made
possible thq‘further systematic investigation of selective chemical

reactions.



On the other hand, since Tyndall's first report on the light-
induced particle formation in "nitrite of butyl" in 1869,u) numerous
light-induced particle formations have been reported. Such particle
formations have been observed under the light from a conventional light
source and the sun light, but the experiments using a laser light as a
light source have been quite few. This phenomenon has been not only

12-14)

investigated from a photochemical point of view but also utilized

15,16)

to the fundamental studies of particle growth mechanisms

The alkali hydride particles which will be described in this
thesis is an example of laser-produced particles. The
laser-production of alkali hydride particles was firstly observed by
Tam et al, in 1975}) They observed that crystalline particles
of uym size were produced when a laser beam was applied to Cs vapor
mixed with H, gas to excite Cs atoms to the 7P states. This was
the first report of light-induced particle formation in metal vapors.
They considered that production of small crystalline particles are
due to the condensation .of laser-produced CsH molecules, because the
presence of gaseous hydrogen and cesium is necessary for particle
formation and, in proper conditions, a progression of doublet fluo-
rescence lines of CsH molecules from the laser—excited CsH Alr* state
can be observed. Two possible mechanisms to produce CsH molecules
have been proposed. Tam et ai.” considered that CsH molecules
are produced by the direct photochemical reactions of the excited Cs

atoms with H, molecules in the groundelectronic state. On the



other hand, Sayer et aijo)proposed recently the other reactions in
which’the excited Cs atoms react indirectly with H, molecules. Namely,
energies of excited Cs atoms are transferred to H, molecules by colli-
sions, and H, molecules are excited to highly vibrational states,
which react with ground state Cs atoms to produce CsH molecules.

These photochemically produced particles or laser-produced
alkali hydride particles were named '"laser snow" because they are
white crystals and fall down through gravity. Moreover these
particles are expected to be cold like ordinary snow. This is
because the heat of decomposition is taken away when they are decom-
posed into cesium and hydrogen after they fall out of the laser beam?'a)
Since the first experiment by Tam et al.}) there have been reports
on the experiments of CsH or CsD laser snowz-h) and on simple expla-
nation about laser snow formation.s) But laser snow of other alkali
hydrides has not been reported except for brief description
about observation of RbH laser sn&w in the first report of Tam et a{.l)

In 1978 we observed also the CsH laser snow formation and made some
experiments described later. Among the laser-produced alkali hydride
molecules and particles, we were particularly interested in sodium
hydride since relatively large amount of sodium and hydrogen are known
to exist in the upper atmosphere of the earth and in the planetary
atmospheres under the existenée of strong radiation suitable to excite
sodium atoms to highly excited states. For this reason, we tried to
produce NaH laser snow using a CW dye laser whbse frequency was tuned by

means of a Fabry-Pelot etalon, and we could observe it firstly in 1979.
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We found that the NaH laser snow is produced not only when Na atoms are
excited to their excited states by the dye laser tuned to one of the

D lines, but also when Na, molecules are excited to the B'Il, state by an
Ar+ laser. We proposed a new chemical reaction to produce NaH
molecules between excited Na, molecules and ground state hydrogen
molecules. We found also that NaH laser snow is not only produced by
exciting Na atoms but also decomposed by the collisions with the 3P
state atoms. We reported these effects in 19806) and this was the

first report on the production of NaH laser snow.

I. 3~ Particle Growth and Its Observation

There are many kinds of small particles in the natural worid. The
size distributions of meteorological particles, such as raindrops, clouds
and fogs, are comparatively well investigated. The size distribution
of the particles have been measured by using two methods: one is to
collect the particle; and measure the size through a microscope, and the
other is to’utilize the light scattering from particles. According
to works reported so far, the size distribution of raindrops can be

18)

and the size distribution of

19,20)

approximated by the Gaussdistribution
clouds can be approximated by the modified gamma distribution.
Aerosols, especially in the stratosphere, can be expfessed by the

Junge distribution or the exponential distribution function?l) Since

the size distributions of these particles vary temporally and also



spatially, it is difficult to measure their changes continuously. A

few measurements of the temporal changes of the size distributions of

22-24)

raindrops and clouds have been reported, although they are not

continuous.
Some experimental studies on the size distribution of particles and
its temporal changes have been made in a cloud chamber or in a diffusion

25)

For example by measuring the falling velocity of

)

cloﬁd chamber.
water drops, Sinnarwalla et ai?ﬁ reported the measurement of the growth
rate. Ferrara et al,zn also reported the measurement of size
distribution which is based on the observation of the light scattering
from particles in a cloud chamber. By using the CCl, as the filling
gas in a diffusion cloud chamber, Cordier et al,s) reported the laser-
production of particles but did not measure the size distribution.

28_:“')on particle growth by

There are several theoretical reports
condensation and/or coalescence. However, the theories which are
based on simplified models have not explained well with the experimental
results.,

In this thesis we describe our experimental studies on the size
distribution and its temporal changes of CsH laser snow in order to
reveal the mechanisms of nucleation and particle growth of CsH laser
Snow. Since the conditions for production of laser snow can easily
be controlled, we study on the size distribution and its temporal
changes of CsH laser snow under the different experimental conditiops,r

which are found to give us important informations of the growth mecha-

nisms of CsH particles.



I. 4 Outline of the Present Work

Chapter II is devoted to the historical back ground of laser-
induced chemical reaction. At first we describe the principal
difference of the laser from the conventional light séurces, from the
point of view of its chemical and spectroscopic uses. Especially
monochromaticity and stabi;ity of tunable laser wavelength are empha-
sized because these are important in use of lasers to state-selective
chemical reactions. Next, we mention a photochemical reaction and
relations between laser and photochemistry, such as laser isotope
separation,. laser uses in microfabrication of integrated circuits and
chemical lasers. Then we review the works on the laser-production of
particles other than alkali hydrides.

In chapter II we stﬁdy the production of alkali hydride laser
snow. First of all, we mention the properties of alkali atoms,
molecules, and hydrides. Since alkali atoms have only one unpaired
electron, they easily react with many elements and make compounds. The
spectroscopic properties of alkali atoms are the simplest ones in all
elements except for hydrogen. This is also due to their electronic
structure. In our experiments, we control the number densities of
alkali atoms and molecules by controlling cell temperature. Therfore
the relations between.the number densities of alkali atoms or molecules
and temperature are described. The physical and chemical properties
of alkali hydrides are also described. Next, we present the energies

of several states of alkali atoms, molecules, and hydrides, which will



be used in the energetical discussions of proposed chemical reactions,
are shown here. Next, we describe several fundamental experiments
relating with the production of CsH laser snow: for example, the
excitation of Cs atoms or molecules by lasers, quenching collisions of
excited Cs atoms with H, molecules, and spectroscopy of CsH molecules.
Here, we describe also our experiments of the production of CsH laser
snow, under the various conditions of the exciting laser beam and gases,
and then we discuss two chemical reaction mechanisms which have been
proposed to produce CsH molecules.

Then we describe the experiments on production of NaH laser snow.
At first, we mention about the preliminary experiment with respect to
excitation of Na atoms or molecules by lasers. Using results, we
discuss about the mechanisms of the excitations and chemical reactions.
Through the experiments described in this chapter, we find that the NaH
laser snow is produced from the excited Na, molecules directly, which is
confirmed from the obtained fact that the threshold laser power for
production of particles is inversely proportional to the densities of
Na, molecules. Furthermore, we find that the NaH laser snow is
produced also from the excited Na atoms. Especially, in this
subsection, the energy relations between NaH molecules, H: molecules,
and excited Na atoms are discussed. The first excited state 3P, to
which we excited Na atoms by laser light, dose not have enough energy
required for_the reaction with H, molecules. We find that the

reaction of Na atoms in highly excited states with ground state H.



molecules and the reaction of Na atoms in the 3P states with vibration-
ally excited H, moiecules are important in production of NaH molecules
from the measured relation of the threshold laser power vs. the density
of Na atoms. The dissociation of NaH laser snow is also discussed.
Finally, we summarize the experiments of laser snow and compare alkali
hydride laser snow with other laser-production of particles.

In chapter IV, we study the temporal changes in size distribution
of CsH laser snow.and its growth mechanisms. First of all, we
describe the principle of measurements of size distribution. We use
the wavelength-~ and polarization-dependences of light scattering from
the laser-produced particles. We review the Mie theory, which is the
basic theory of light scattering by a spherical single particle. The
Mie theory gives us the scattered light intensity as functions of
wavelength, polarization, scattered angle, and particle radius. When
a size distribution is assumed, we can calculate the scattered light
intensities as functions of wavelength and polarization. To approxi-
mate the shape of size distribution, we use distribution functions,
Gauss, Stevenson, and Junge, as test functions, each having three
parameters. By finding the approximate size distribution function
which minimizes the mean-square deviation between the calculated
scattered light intensities and the observed ones at five different
wavelengths and two orthogonal polarizations, we determine the best-fit
distribution function.

Next, we describe about the experiments and analysés. In the



experiment we applied the white light, and measured the wavelength- and
polarization~dependences of scattered light intensities from the
laser-produced CsH particles. By comparing the experimental results
with theory, we obtain the size distribution as a function of time after
the beginning of production of CsH molecules. From obtained size
distribution, we calculate the temporal changes of number density, total
radius, total volume, mean radius, and mean volume of particles, and
then we discuss the growth mechanisms of the producéd particles. In
the last part of this chapter, we summarize the growth mechanisms of CsH
laser snow and we also discuss the decomposition of particles. It is
known that particles are charged in the early stage of particle growth.
We discuss on the neutralization of the charges, in the course of the
particle decomposition.

In chapter V, the general conclusions of this thesis are presented.

- 10 -



CHAPTER II

LASER-INDUCED

CHEMICAL REACTION

I, 1 Introduction

In the history of chemistry, man has been aiming at controlling
chemical reactions and separating the elementary processes from a
chemical reaction which is composed of many processes. These have
been done so far by changing and controlling temperature, concentra-
tions, catalysts, etc., particularly in organic chemistry.

However, the invention of a laser in 19601” gave us new possibility
for a systematic investigation of the control of selective chemical
reactions. This is because lasers have several advantages compared
with conventional light sources used in photochemistry: i) high power,
ii) high directivity, iii) narrow pulse width, and iv) high monochro-
maticity.

In recent years much progress has been made in spreading the
range of laser wavelength and in developing the tuning and stabili-
zation of laser frequency. This has made possible the further
systematic investigation of selective chemical reactions. Especially

the tunable laser is the most promising laser from the chemist's point
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of view.

In section II.2, we describe the characteristics of lasers as
tools for controlling chemical reactions. We describe also on the
wavelength-stabilization of tunable lasers. In section I .3, we
present some applications of lasers to photochemistry. In section

I .4, we describe on the laser-production of particles.

II, 2 Lasers
I, 2. 1 Characteristics of Lasers in Chemical and Spectroscopic
Uses

Many photochemical experiments that cannot be achieved with a
conventional light source are often possible with a laser because of
its high power, high monochromaticity, etc?2'3” In this section we
describe the characteristics of lasers which have been used and will
be used in photochemistry.

(1) High power

Generally speaking, laser power is high enough to induce photo-
chemical reactions even if it is about few mW. This is relevant to
the directivity and monochromaticity of laser which will be described
later. In other words, laser power density with respect to both of

volume and frequency is, in many cases, sufficient to induce photo-

chemical reactions. We cannot tell, however, that it is always
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true for any photochemical experiments. In fact, when one has to
excite atoms or molecules to their highly excited states by two or
more photon absorption, much higher laser power is required.
(2) Directivity

Directivity is related with spatial coherence of lasers.
Since laser 1ight has usually high directivity, it is possible to
focus it in an extremely small area and to get high power density.
So, when the laser light focussed in a small areainduces a chemical
reaction, one can say that the high spatial coherence of a laser is
used. However, there are quite few applications of self-
interferences (a unique characteristics of coherence) of laser light
to chemical reactions.
(3) Narrow pulse widths

Extremely short pulses of laser light can now be obtained by
using such techniques as mode-locking. The narrow laser pulses
have been used mainly for diagonostics of chemical reactions. In
other words, one can spectroscopically detect intermediate products
(or reaction intermediates) with a very short lifetime, which plays,
in many cases, very important roles in chemical reaction.
(4) High monochromaticity

Monochromaticity is related with temporal coherence of lasers.
Generally speaking, laser light has high monochromaticity comparing
with conventional light. The light from a gaseous laser has

extremely high monochromaticity, but its wavelengths are so
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restricted. So, when we use gaseous laser light in atomic or
molecular spectroscopy, one has to expect the accidental coincidence
of absorption lines and laser lines. This restriction of wavelengths
has been disadvantages from the point of view of controlling many
chemical reactions. However, the tunable lasers such as dye lasers
can remove these disadvantages, so that they will be powerful light

sources in photochemistry.

Io. 2. 2 Wavelength-Stabilization of Tunable Lasers
In recent years, much progress has been made in tunable lasers.
Dye Lasers are well investigated lasers in tunable lasers. Dye

34)

lasers have the widest tunable range compared with other types of
lasers. This wide tunability, however, results in poor stability
of the wavelength, and hence the stabilization of the wavelength is
often required for the use of dye lasers in chemical and other
applications. The stabilization of the wavelength of the dye lasers
can be made by inserting wavelength selective elements into the dye
laser cavity. The methods of Qavelength—stabilization, which have
been developed so far, can broadly be classified into following two
types:

(a) A method using prisms, diffraction gratings, Fabry—Pelof etalons,

Lyot filters, and combinations of these elements as intracavity
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wavelength-selective elements. The tuning of the wavelength is
made mechanically by controlling positions, angles, and tilts of thesé
elements.

(b) A method using the spectral lines of atoms or molecules, such as
a Doppler-broadened absorption line, a very sharp saturated absorption
signal, the Faraday effect, etc. This method has advantages that a
high stability can be achieved by only one optical element and that
the laser wavelength is always stabilized within a spectral line.

In order to get the state-selective or isotope selecfive chemical
reactions, we need the laser light with a sharp spectrum, whose
frequency can be tuned finely to absorption lines of atoms or
molecules. Therefore the method (b) is considered to be simpler
and more useful for chemical uses compared with the method (a). We
investigated also the stabilization of the dye laser wavelength by
using the method (b). By using a Faraday filter as a wavelength-

selective element, the frequency of a CW dye laser could locked at the

35) 26)

center of the sodium D lines and at absorption lines of neon?

In our laboratory, this frequency-locked CW dye

laser by a Faraday filter has practically been used to study the
relaxation and transfer of multipole moments of excited atoms by the
anisotropic collisions§7%ut we have not applied it to control
chemical reactions. In the experiments to be described in this
thesis, we used the more conventional method (a), because we did not

need an extremely sharp spectrum and high frequency-stability. As
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mentioned later, the absorption lines of alkali vapor were not sharp
due to the collisional broadening but they were well separated from
the adjoining lines.

In recent years, much progress has also been made in diode
lasers. They are very small tunable lasers, whose output amplitude
and frequency can be modulated directly at a high frequency (~GHz)?8’3w
Although oscillation wavelengths are now restricted to wavelengths

AO)and the output power is less than about 10

longer than about 650 nm,
mW in CW operation, it is also expected that they will become
powerful light sources in chemistry and spectroscopy. The
stabilization of the diode laser wavelength at the D, line of Cs

1)

4 .
(852.1 nm) has recently been performed in our laboratory, by using a
Doppler-free saturated absorption signal. We consider that the
wavelength-stabilized diode laser can be used in photochemical

production of CsH and RbH particles, which are studied in this thesis

by using other lasers (Ar+ laser and dye laser).

I, 3 Laser and Photochemical Reaction
In this section we review some important works made so far on the
laser-induced chemical reactions occuring in gas phase.

IIm. 3. 1 Photchemical Reaction

- 16 -



We consider a reaction between hydrogen and chlorine as an example

of photochemical reactions. The reaction is usually represented as
H, + C1, + hv » Z2HCI, : (2.1)

but when we consider it in detail, we know that this is a series of

reactions as follows:az)

Cl, + hv » 2C1, (2.2)

Cl + H, - HC1 + H, _ (2.3)

H + Cl, + HC1 + C1, (2.4)
where only the process (2.2) is directly related to light. This
kind of process is called photolysis or photodissociation. To

control chemical reactions by using 1ight'(inclﬁding lasers), we must
consider not only whether the process (2.2) is possible or not but also
how the other processes occur, because they will determine the rate of
whole reaction.

We have briefly shown an example of the photochemical reaction
resulted from photlysis, but, of course, there are other types of
photochemical reactions due to photoexcitation and photoionization.

We describe some examples of these types in the next subsection.
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m., 3. 2 Laser and Chemical Reaction

There are many reports of photochemical reactions
induced by photoexcitation and photoionization by laser light [see

32,33)]

review papers . An example of the chemical reactions induced by

photoexcitation is shown in (2.5), whose reaction rate was measured by

Odiorne et aifa)

HCl(v = 0,1) + K ~ KC1 + H. (2.5)

A pulse HCl chemical laser was used to excite HCl molecules to V =1,
which has energy 8.3 kcal/mol higher than that of the ground vibrational
states v=0. They found that HCl(v=1) reacts approximately 100 times
faster than HC1(v=0).

L
Photoionization by laser has been applied to isotope separation: )

+ -
A+hy»>A*> A +¢e, (2.6)

where A represents an isotope. Ionized isotopes are collected by
applying electric field. Up to date, the isotope separation using
] 40 45) 85_ 46) 235 47) 6__ 48)
this scheme has been reported for Ca, Rb, U, and Li.
The conditions to induce a selective chemical reaction: are as
follows.

1) High monochromaticity of the exciting radiation with a necessary

power level at a given frequency. This makes possible the sufficient
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excitation of particular atoms or molecules to the desired excited
state.

2) Existence of a narrow absorption line without overlapping with
adjoining lines.

3) Conservation of the selectivity even in subsequent physical and
chemical processes.

The first condition is the condition of light source, which has
been described already. The second condition can be fulfilled with a
dilufe substance in the gas phase which has discrete energy levels, and
hence the selective excitation to an electronic or vibrational state is
possible. It is much more complicated problem to satisfy the third
conditions, since the selectivity obtained as a result of the primary
photochemical process can easily be lost’after many subsequent pro-
cesses, such as thermal relaxation and resonant transfer of excitation.
Therefore  two principal ways can be considered to induce a selective
chemical reaction. One is, of course, to make the primary chemicai
reaction fast and the other is to use the ionization or dissociation of
excited atoms or molecules. These two ways have possibilities to
induce a selective chemical reaction faster than the other subsequent

processes which lose the selectivity.

The laser isotope separatioﬁﬂ-SI)is an application of such
selective photochemical reactions. The best result was obtained by

Mayer et aL,SI)with a mixture of methanol and completely deuterated

methanol (CDLOD). By irradiating a 2.7 uym hydrogen fluoride laser,
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CHOH molecules are excited to vibrationally excited states and react
selectively with Br,. The laser isotope separations by using photo-
ionization, photodissociation, and photoexcitation have also been

studied extensively.

Recently, laser-induced chemical reactions have been applied to the
52-58)
microfabrication of integrated-circuits etc. by Ehrlich et al.
~This technique makesuse of gas-phase reactions initiated by a visible or
UV laser. An important attribute of this technique is that high-
. . . 52) _ 53,54) . 55-58)
spatial-resolution deposition, etching, or doping can be
accomplished by "direct writing', that is, without use of photo-

lithography. Deutsch et al.sz)

demonstrated laser photodeposition by
using a UV laser and the metal alkyl compounds, such as -
trimethylaluminum, A1(CH,), . In their experiments molecular bonds
were broken directly by UV laser photons, and free metal atoms were
produced and then condensed on a substrate. UV laser photoetching
was demonstrated by Ehrlich et a,(_.sa) UV laser photolysis of methyl-
halides was used to produce halogen atoms, Cl, Br, or I. These
halogen atoms are chemisorbed onto the surface and erode the surface.

55
Ehrlich et al. )

demonstrated also the process of direct or one-step
doping of semeiconductors by using photodeposition of metals and

laser-induced surface heating. The deposited metals incorporate well

with semiconductors when their surface are heated by a laser.
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Finally, it must be noted that chemical reactions have been applied
to get new kinds of lasers or chemical lasers. The hydrogen fluoride

9)

laser is an typical example.5 The population inversion in hydrogen

fluoride molecules is attained through the chemical reaction as
1.
F+H > H+ HF . (2.7)
The induced fluorescence is due to
.i.
HF + HF + hv, ' (2.8)
where Hff represents a vibrationally excited HF molecule. The

oscillation wavelength of the chemical laser is directly related to

chemical reactions involved.
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I. 4 Laser-Production of Particles

Numerous light-induced particle formationshave been reported since
the first report of Tyndall in 1869}1) ngever, mechanisms of these
phenomena have not been well understood yet, although some of these
phenomena have been well investigated}z—lﬁ)

On the othér hand, in recent years, lasers have been used in the
work on the photochemical productions of particles of um size. The
alkali hydrides, which are described in detail in this thesis, have been

observed in a mixture of alkali vapor and hydrogen gas}Jhs)

The

production of particles in gaseous NO, - S0, mixtures7) and in super-
saturatated CCl, and impurity Cl, mixturess) has also been observed.
Furthermore, it has also been reported that the UF; particles can be

9)

produced in UF, and H, mixtures, ' which is expected to be applicable to

isotope separation of 235U. Such particle production is cleafly due
to the laser-induced chemical reaction of producing nonvolatile matter
and from the subsequent nucleation. The particle formation described
above have not been observed when one uses light from a conventional
light source. As mentioned already, the advantages of the use of
laser light are i) high efficiency and selectivity for chemical
reactions because of its monochromaticity, ii) the ability of producing
particles in a small space because of its directivity, and iii) the
ability to cause strongly endothermic reactions, which result in

nucleation of their products at even low temperature without any

catalyst, because of its high intensity.

- 22 -~



Let us mention some of above works in more detail, since the
particle formation observed in these works are analogous to that of
alkali hydrides studied in this thesis. In 1978 Iwamoto et al.”
reported the particle formation in gaseous NO, - SO, mixtures irradiated
by a laser beam from an Ar+ laser at 488.0 nm and with intensities
between 0.02 - 0.1 W. The particles were produced in a few tens of
seconds after the beginning of laser-irradiation. They found that
the produced particles are aggregates of composition (S0;),N;03, which is~
produced by reaction of photoexcited NG, with S0, . The constitution
is however uncertain [ S0sS0,(NO),, (S0;).NO.NO, etc.]. In 1981 Cordier
et aiF) reported the photonucleation in supersaturated CCl, and impurity
Cl: mixtures, which are irradiated by an Ar+ laser light. They
observed the first falling of the produced droplet typically at 25 - 150
sec after the beginning of laser-irradiation. Since the nucleation
was dependent largely on the presence of Cl,, they concluded that the
phenomenon of photonucleation was initiated by the photodecomposition of

9)

Cl; into two atoms. In 1977 Ronn et al. reported the production of

UFs particles in the cell containing UF, and H,, under the irradiation
of infrared laser beam ( A=110.6 um) . The dielectric breakdown

induced by nonresonant laser beam was found to induce the reaction
2UF, + H, + 2UF, + 2HF, (2.9)
Since produced UF, particles can easily be collected, one can apply this
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process for laser isotope separation of 235U.

II. s Summary and Conclusions

The invention of lasers, especially the progress in tunable lasers,
has brought new possibilities for controlling chemical reactions and for
obtaining much knowledge about chemicél reactions. The laser isotope
separation is a typical application of controlling chemical reactions.
The laser-induced chemical reactions have recently been applied to
the microfabrication of integrated-circuits etc. Although photochemical
production of particles has a long history, studies using a laser have
been quite few yet. This must be mainly because the lasers suitable
for the particle formations have not been so many and the chemical
reactions associated with the particle formation have not been well

known.
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CHAPTER III

ALKALI HYDRIDE LASER SNOW

IoTr. 1 Introduction

In 1975 Tam et al}) discovered the laser-production of CsH
crystalline particles of pm size when a laser beam was applied to Cs
vapor mixed with H, gas to excite Cs atoms to the 7P states. This
is the first report of light-induced particle formation in metal
vapors . The particles were named "laser snow" and were considered

to be formed through condensation of Csﬁ molecules produced by

laser-induced chemical reactions. The CsH molecules are considered

to be produced by the reactions as

Cs(7P) + H, - CsH + H, (3.1)
Cs(6S) + H + X » CsH + X, (3.2)

where X represents any atom or molecule in the ground electronic state.

In stead of (3.1), Sayer et al.lo)proposed recently the other reactions

to produce CsH molecules as

Cs(7P) + H, > Cs(6S) + Hy(v), (3.3)
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Cs(6S) + H.(v) » CsH + H, (3.4)

where v represents some vibronic excited state in the ground electronic

state of H, molecules.

1

Since the first experiment by Tam et ai.,)there have been some

reports on CsH or CsD laser snow,z-s)but there have been no reports on
NaH laser snow. In 1978 we also observed the CsH laser snow
formation and made some experiments described later. Next, wé

tried to produce NaH laser snow, which is more interesting from the
points of geophysics and planetary science, and succeeded in the first
observation of NaH particle formation in 1979. We found that the
NaH laser snow is not only produced when Na atoms are excited to their
excited states but also when Na, molecules are excited to the Blﬁlstate.
The possible reaction to produce NaH molecules from excited Na,

molecules is

Ne,(Blm ) + H, » 2NaH. o (3.5)

We found also that NaH laser snow is not only produced by exciting Na
atoms but also decomposed by the collision with Na atoms in the 3P states.
In 19806) we reported on the first observation of NaH laser snow, its
dissociation, and 1as¢r snow production from the excitation of alkali

diatomic molecules.
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In this chapter we describe the production of CsH and NaH laser
snow., First of all, since the produced particles are made of alkali
hydrides, we have to describe pfoperties of alkali atoms, alkali dimers
(alkali molecules), and alkali hydrides. Secondly, we describe the
spectroscopic studies of Cs and CsH and the experiment of CsH laser
snow formation. Thirdly, we describe the spectroscopic studies
of Na and Na, and the experiment of NaH laser snow formation. Next,

we summarize the alkali hydride laser snow.

mm. 2 Properties of Alkali Atoms, Molecules, and Hydrides

Because alkali metals have highly reactive nature, none of
elements in the group is found in nature around us as the free metal.
But, in the planetary atmosphere (including the atmosphere of some
satellites), alkali atoms can be found as a single atom. For
example, sodium can be observed in the sodium layer in the upper atmos-
phere of the earth and in the atmosphere of Ig%ﬂgﬁe innermost of the
four Galilean satellites of Jupiter. In the planetary atmosphere,
there exist also hydrogen and intense light so that the photochemical
reactions to be described in this thesis are expected to occur more or
less.

In this section, we describe physical and chemical properties of

alkali atoms, molecules, and hydrides and their spectroscopic properties.
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Table 3.1 Physical properties of Na, K, Rb, and Cs. (See Ref. 64)
Na K Rb Cs
" Atomic number 11 19 37 55
Atomic weight 22.9898 39.102 85.47 132.905
Melting point (°C) 97.82 63.2 39.0 28.5
Boiling point (°C) 88l1.4 756.5 688 705
Atomic radius (K) 1.896 2.349 2.48 2.67
Ionic radius (R) 0.95 1.33 1.48 1.69
Atomic volume (c.c./g.-atom) 23.7 45.3 55.9 70.0
Ionization potential (eV) 5.12 4,32 4.16 3.87
Electron work function (eVv) 2.28 2.24 2.09 1.81
Electron emission 0.60 0.65 0.73 0.80
wavelength ( um)
Electron resistivity
(micro—ohm—cm) (0°C) 4,48 6.1 11.6 18
Density, solid, 20°C 0.968 0.856 1.532 1.90
Heat of fusion (cal/g) 27.05 14.17 6.1 3.766
Heat of vaporization 925.6 496 512 146
(cal/g), b.p.
Important spectral lines 588.995 404.414 420.185 455.536
(nm) 589.592 766.491 421 .556 452,318
819.481 769.898 780.023 852.110
794,760 894.350
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oI. 2. 1 Physical and Chemical Properties
Physical properties of sodium, potassium, rubidium, and cesium

metals or ions are shown in Table 3.1.64)

Most of the alkali metals
are low-melting and soft materials except for cesium, which is liquid at
ordinary temperatures. Their thermal and electrical conductivities
are among the highest of all known materials. Ionization potentials
are the lowest of all groups in the periodic chart. All of the alkali
metals are paramagnetic, due to a single unpaired s electron.

The chemistry and chemical properties of the alkali atoms are also
explained from the electronic structure of the atomsﬁh) The metals
of this group have the low ionization potentials, the low electron work
functions, and the high position in the electromotive series.

Rubidium and cesium metals are both photosensitive, which indicates
that ordinary light is sufficiently energetic to liberate the valence
electrons. The strongly electro-positive nature of these elements
dictates their chemical reactivities in both metallic and combined
states. In the metallic state, the elements are among the strongest
reducing agents known and react to form compounds with a very high

degree of ionic bonding: in the combined state, the metal ions are the

most stable of all cations.
In our experiments, we control the number densities of alkali

atoms and molecules in vapor by controlling the cell temperature and

so it is necessary to know the relations between temperature and
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pressures or number densities of alkali atoms and molecules.
Pressures and number densities of these alkali atoms and molecules at

: 65,66
several temperatures are listed in Table 3.2. »66)

All the alkali hydride§7gave face-centered cubic colorless crystal
structures analogous to the structure of sodium chloride. Alkali
hydrides have thereforesimilar properties to alkali halides, for
example, high melting points, a high degree of thermal stability, and
they are able to conduct electricity if they aré melted. The alkali
hydrides are prepared by the direct reaction of metallic alkali with
elemental hydrogen at elevated temperatures. The ambient pressure
of hydrogen must be higher than the dissociation pressure of
alkali hydride since reaction is reversible.

Most of alkali hydrideéﬁgre used as the photosensitive elements
in photocells. Sodium hydride is also used for descaling metals and
for reduction agent in organic reactions. Alkali hydrides, espe-
cially sodium hydrides, may be of importance in the planetary atmosphere
where relatively large amount of alkali, especially éodium, and hydrogen
are known to exist under the existence of intense radiation.

Because, under such conditions, large amount of alkali hydrides are
expected to be produced through the photochemical reactions which will
be described in this thesis.

Since the dissociation of alkali hydrides will be important in our

experiments, it is worthwhile to show the dissociation pressures of
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Table 3.2 Pressures and densities of alkali atoms and molecules?aﬁs)

(a) Sodium

Na atoma) _3 Na, molecule -3
T(K) P(Torr) n{cm 7) T(K) P(Torr) n(cm °)
325 1.16E-09 3.45E+07 325 5.75E-14 1.71E+03
350 1.79E-08 4,.93E+08 350 2.62E-12 7.22E+04
375 1.92E-07 4.95E+09 375 5.37E-11 1.38E+06
400 1.54E-06 3.72E+10 400 8.14E-10 1.97E+07
425 9.72E-06 2.21E+11 425 8.85E-09 2.01E+08
450 5.01E-05 1.07E+12 450 7.25E-08 1.56E+09
475 2.18E-04 4,43E+12 475 4,70E-07 9.55E+09
500 8.20E-04 1.58E+13 500 2.50E-06 4.83E+10
550 8.15E-03 1.43E+14 550 4,41E-05 7.74E+11
600 5.56E-02 8.96E+14 600 4,75E-04 7.65E+12
650 2.85E-01 4,23E+15 650 3.51E-03 5.22E+13

700 1.16E+00 1.60E+16 700 1.93E-02 2.67E+14

(b) Cesium

Cs atom -3 Cs, molecule -3
T(K) P(Torr) n{cm ) T(K) P(Torr) n{cm )
300 1.67E-06  5.38E+10 300 3.12E-11 1.01E+06
325 1.60E-05 4,.75E+11 325 8.10E-10 2.41E+07
350 1.17E-04  3.23E+12 350 1.37E-09  3.78E+07
375 6.55E-04 1.69E+13 375 1.56E-07 4.02E+09
400 2.92E-03  7.05E+13 400 1.29E-06  3.11E+10
425 1.08E-02 2.45E+14 425 8.23E-06  1.87E+11
475 1.07E-01  2.18E+15 475 1.79E-04  3.64E+12
500 2.40E-01 4.64E+15 500 6.50E-04 1.26E+13
550 1.29E+00 2.27E+16 550 = 5.94E-03 1.04E+14
600 4.32E+00 6.95E+16 600 3.69E-02 5.94E+14
650 1.30E+01  1.93E+17 650 1.71E-01  2.54E+15
700 3.31E+01 4.57E+17 700 6.25E-01 8.62E+15

a) Ref. 66.
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Table 3.2

(c)

T(K)
325
350
375
400
425
450
475
500
550
600
650
700
750

(d)

T(X)
325
350
375
400
425
450
475
500
550
600
650
700
750

Pottasium

K atom

P(Torr)

1.90E-07
2.74E-06
1.89E-05
1.17E-04
5.49E-04
2.09E-03
6.84E-03
2.06E-02
1.32E-01
6.19E-01
2.27E+00
8.88E+00
1.79E+01

Rubidium
Rb atom

P(Torr)

4.16E-06
3.42E-05
2.12E-04
1.03E-03
4,10E-03
1.39E-02
3.91E-02
1.10E-01
5.88E-01
2..37E+00
7.62E+00
2.06E+01
5.01E+01

(Continued)

=3
nicm 7)
5.63E+09
7.57E+10
4,87E+11
2.82E+12
1.25E+13
4.49E+13
1.39E+14
3.97E+14
2.32E+15
9.96E+15
3.37E+16
1.22E+17
2.30E+17

n(cm_s)

1.24E+11
9.43E+11
5.46E+12
2.49E+13
9.31E+13
2.98E+14
7.94E+14
2.12E+15
1.03E+16
3.81E+16
1.13E+17
2.85E+17
6.45E+17

T(K)
325
350
375
400
425
450
475
500 -
550
600
650
700
750

T(K)
325
350
375
400
425
450
475
500
550
600
650
700
750
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K, molecule

P(Torr)

4.15E-12
1.08E-10
1.78E-09
2.00E-08
1.71E-07
1.13E-06
6.03E-06
2.71E-05
3.58E-04
3.01E-03
1.79E-02
8.10E-02
2.97E-01

n(cm )

1.23E+05
2.98E+06
4.58E+07
4 .83E+08
3.89E+09
2.43E+10
1.23E+11
5.23E+11
6.29E+12
4.85E+13
2.66E+14
1.12E+15
3.82E+15

Rb, molecule

P(Torr)

2.23E~-10
4,22E-09
5.29E-08
4.77E-07
3.37E-06
1.83E~-05
8.11E-05
3.06E-04
3.04E-03
2.09E-02
1.06E-01
3.96E-01
1.13E+00

n(cm_3)

6.63E+06
1.16E+08
1.36E+09
1.15E+10
7.66E+10
3.93E+11
1.65E+12
5.91E+12
5.34E+13
3.37E+14
1.57E+15
5.47E+15
1.46E+16



Table 3.3 Dissociation pressures of alkali

hydrides and deutrides (see Ref. 64).

P: Pressure (Torr) T: Temperature (K)
NaD: log P=13.1994 - 6915.00(1/T)
NaH: log P=11.9250 - 6318.41(1/T)
KD: log P=12.1977 - 6318.68(1/T)
KH: log P=11.6535 - 6185.57(1/T)
RbD: log P= 6.07 ~ 2664.0 (1/T)
RbH: log P= 9.20 - 4533.5 (1/T)
CsD: _ log P= 8.68 - 2695.5 (1/T)
CsH: log P= 7.50 - 3475.5 (1/T)
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Fig, 3.1 Psychrometric chart of NaH? Two curves show the hydrogen
pressure vs. temperature at two relative humidities of hydrogen, where
relative humidities of hydrogen are computed from the dissociation
pressure of NaHl, wﬁich is 100 % humidity of hydrogen. Approximately
linear lines show the fraction, f, defined by f==nH2/th at several

19 -3
gas-phase enthalpy, h, where nHe=:2.69><10 cm (the density of gas at

0°C at 1 atm) in this figure.
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Fig. 3.2 Psychrometric chart of CsH.” Four curves show the hydrogen

pressure vs. temperature at four relative humidities of hydrogen, where
relative humidities of hydrogen are computed from the dissociation
pressure of CsH, which is 100 % humidity of hydrogen. Approximately

linear lines show the fraction, f, defined by f:nH /nHe at several
2

3

gas-phase enthalpy, h, where n, =2.69 xlOlgcm— (the density of gas at

He
0T at 1 atm) in this figure.-
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alkali hydrides‘and deutrides as functions of temperature T in Table

64)

3.3 Since the dissociation of sodium hydride and cesium hydride

are especially important for the present work, we show their
psychrometric charts in Figs. 3.1 and 3.23)

These psychrometric chartsz) are composed of two kinds of lines.
One is the curve of the hydrogen pressure vs. temperature at several
relative humidities of hydrogen, where relative humidities of hydrogen
are computed from the dissociation preésure of alkali hydrides, which is
100 % humidity of hydrogen. The other is the fraction, f, defined by
f = nHz/nHe as a function of temperature, where nH2 and nHe represent
the densities of H, and He, respectively, and in our calculation, the
density 2.69 X 109 cn”? (the density of gas at 0°C at 1 atm) is used as
nHe’ because relatively high pressure of He gas was used as a buffer gas
in our experiment. From Eq. (3.6) shown below, when the gas-—
phase enthalpy, h, is constant,the fraction, f, becomes approximately
a linear function of temperature as shown in Figs. 3.1 and 3.2. The
gas-phase enthalpy, h, is calculated from the enthalpy for a helium
atom, h(He), which is given by a heat capacity at constant pressure,
and that of hydogen gas per H, molecule, h(H,), which is obtained from

68)

the thermodynamic properties of the alkali-hydrogen system. In

the sodium-hydrogen system, the gas-phase enthalpy, h, are given by

h =h{(He) + f h(H,)
. . » » (3.6)
=5.92 x10 + 2.17x10 T + f£(1.256 - 8,02x10 T)
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where T is a temperature in °C. Because of the low heat capacity
of condensed CsH crystals compared with the heat of decomposition of
the crystal, h remains very nearly constant during the decomposition,
so that h may be given by the enthalpy of the dry gas before the
crystals have decomposed. Consider, as an example, a sodium cell
containing hydrogen gas of about 1 Torr and helium gas of 760 Torr at
0°cC. The fraction f is 1.3 parts per thousand in this case.
Suppose that the cell is maintained at 325°C where, according to

Fig. 3.1, the relative humidity is about 10 %. When the NaH
crystal begins to evaporate into surrounding buffer gas, the temper-
ature decreases along the line of constant gas-phase enthalpy i.e.
the line of the fraction, f, which is a function of temperature, until
the H, pressure reaches its saturation value. In this case we see
from Fig. 3.1 that the gas temperature will drop to 300°C, so that the
total cooling is about 25°C.

In Fig. 3.3, we show the energy diagram of sodium-hydrogen system
and cesium-hydrogen system. These energgggn'ngzgf sodium-hydrogen
system and cesium-hydrogen system will be used in the following
sections. Here, it is important that the alkali hydride gas (MH) has
the higher energy position than that of the alkali vapor (M) and the
hydrogen gas (H,) mixture system, in other words, we must give energies
at least more than 0.2 eV for NaH and 0.4 eV for CsH to the M + H,

system for producing MH molecules.
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M + H
R
Na Cs
L I E I -F =4.39 eV 3.14 eV
v
M + H
Do(MH) | MH(gas) %D(H,)
M(gas) + %H.
M(solid) + %H, S
MH(crystal) 4/////37
Fig. 3.3 Energy diagram of alkali-hydrogen system. The symbols
used in the figure and their values are as follows.
I : Ionization energy I(Na) =5.14 eV,ﬂ I(Cs) =3.89 er)
D : Dissociation energy D (NaH) = 2.02 ev?) D (CsH)=1.86 ev %)
e €
D (i) =4.745 ev,%
€
S : Heat of vaporization S(Na) =0.92 eV,d S(Cs) =0.84 er)
(at b.p.)
Q : Heat of formation o(Nat) =0.60 ev,f)  q(csH) =0.86 eV, )
(25°C)
L : Lattice energy L(NaH) =8.76 eV,e) L(CsH) =7.03 eV,e)
E : Electron affinity of hydrogen atom E(H) =0.754 eVﬁ)

It must be noted that some of these values have relatively large
differences in different references, such as the dissociation energies
of NaH and CsH, which will be described later.

a) Ref. 69, b) Ref. 71, c) Ref. 72, d) Ref. 70, e) Ref. 64, f) Ref. 67
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Fig. 3.4 Energy diagram of Na. The ionization limit is 5.14 eV,

The wavelengths (nm) which correspond to the transitions between some

energy levels are also shown in this figure. The 589.6 nm and
589.0 nm lines correspond to the transitions between SSy - 3Py and
2 2
SSy - 3P7, which are called D, and D, lines, respectively. The sum
2 2

of the electronic energy of two 3P excited atoms is marked by the

dashed line.
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Fig. 3.5 Energy diagram of Cs.
The wavelengths (nm) which correspond to the transitions between some
energy levels are also shown in this figure. Cesium D lines are

894.3 nm and 852.1 nm lines which correspond to the transitions

between 6S . - 6P .
% %%
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Imr. 2. 2 Spectroscopic Properties

We show in Figs. 3.4 - 3.8 the spectroscopic data and energy
diagrams of Na, Cs, Na,, Cs;, and H,.

In Fig. 3.4, weshow the energy diagram of Na-7” The most important
lines for our experiment are 589.6 nm and 589.0 nm lines. The
589.6 nm and 589.0 nm lines correspond to the transitions between
'BS,/2 — BP.,/2 and BS,/2 - BP%, which are called D, and D, lines, respectively.

In Fig. 3.5, weshow the energy diagram of cs.’t79)

Cesium D lines
are 894.3 nm and 952.1 nm lines,which correspond to the transitions

between 6S,, - 6Py Y We used other lines 583.9 nm, 601.0 nm, and
2y /2

%
621.3 nm for the laser excitation, which correspond to the

transitions between 6P, — 10S,,, 6P, — 8Dy, and 6P7 - 8D,,. We used
2 2 2 2

% % % %
also the Ar' laser 457.9 nm line ’ which can be absorbed by the
pressure broadened 459.3 nm and 455.5 nm lines (the transition between
6S,, — 7P,, 3,), for excitation of Cs atoms.

% %t

76)

In Fig. 3.6, we show the potential curves for Na;. The

dissociation energy of the ground electronic state of Na; (DO(Naﬂ) is

0.73 eV or 5890 cml %)

This value will be used in our analysis of
chemical reactions. Since Na, absorbs well the most lines of

Ar+ laser, such as the line of 488.0 nm, molecular constants and
spectroscopic properties of Na, can well be studied by using the laser-
induced fluorescence techniques.

In Fig. 3.7, we show the potential curves for Cszj8) The

dissociation energy of the ground electronic state of Cs; (D, (Cs;)) is

0.396 eV or 3197 cm ..
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Fig. 3.6 Potential curves for Na,. ) The

of the ground electronic state of Nae(DO(NaJ) i
Na, molecules absorb well the most lines of Ar+

at 488.0 nm.
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Fig. 3.7 Potential curves for Cs,. The dissociation energy

-1
of the ground electronic state of Cs; (De(CsJ) is 0.396 eV or 3197 cm .
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In Fig. 3.8, we show the potential curve of the H, ground state

70)

*
with the vibrational levels. The dissociation energy )of the ground

electronic state of H, (D (H,) is 4.476 eV or 36101 em™! (D _(H,)=4.745 eV
or 38269 cm-l). This value will be also used in our analysis of

chemical reactions.

The lifetimes of excited states of atoms and molecules are
important factors to determine the rate of the laser-induced chemical

reaction. We list the typical values of these lifetimes of alkali

80) 81,82)

atoms,7g)molecules, and hydrides in Table 3.4. We list also

in Table 3.4 the Einstein's A coefficient, which is correlated to the

lifetime. The broadening of spectrum due to the buffer gas pressure
and Doppler effect must also be considered in our experiment. The
pressure broadening of Na D lines are shown in Table 3.5?3)

The Doppler broadening A[)(full—width at half-maximum) is represented

as follows

2v, [ 21n2kgT
Bp="20 ™ (Hz), (3.7)

where M is atomic weight, v, is the center frequency, kg is the Boltzmann

*) DO; The dissociatipn energy which is designated as the height of the
asymptote (the beginning of the continuum) above the lowest
vibrational level.

De; The dissociation energy which is designated as the height of the

asymptote above the minimum of potential energy curve.

These dissociation energies are shown in Fig. 3.8.
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Potential curve of H, ground state with the vibrational

levels. The dissociation energy of the ground electronic state

of H, (DO(HZ)) is 4.476 eV or 36101 cm‘1 . (De(Hz) = 4.745 eV or 38269 em ! )
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Table 3.4 (a) Lifetimes and total A coefficients of alkali atoms.

(See Ref. 79)

(1) Sodium
State Ia (xlO—6 sec—l) Lifetime (xlO_8 sec)
3P, 58.9 1.70
%
3P7 59.1 : 1.69
2
4s, 24.7 4.05
%
3D7 49.6 2.02
2
3D? 49.5 2.02
2
4P, 9.44 10.6
%
4P7 9.48 10.6
2
53 11.9 8.4
%
(2) Rubidium
-6 -1 . . -8
State A (x10 ~ sec ) Lifetime (x10 ~ sec)
5P, 35.6 2.81
%
5P, 37.5 2.67
72
4D, 12.7 7.87
7
4D7 11.9 8.40
2
GSy 19.5 5.13
2
6P, 9.13 11.0
%
6P; 9.16 10.9
YA
(3) Cesium
-6 -1 . . -8
State JA (x10 sec ) Lifetime (x10 sec)
6P, 28.6 | 3.50
A
6P7 32.4 3.09
2
5D7 1.05 95.2
2
5D? 0.73 137
78, 17.6 5.68
%
7P ° 7.23 13.8
%
7P. 8.25 12.1
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Table 3.4 (b) Lifetimes of alkali molecules and hydrides.

Molecule Lifetime (10--9 sec)
Na, (B'm) n7?)
K, (B') ~10%
Rb, (B'N) ~20?)
Cs, ~10%)
(not yet analysed electronic states)
CsH(A'L) wssb)
LiH(A'Z) ~30°)
NaH(A'Z) n23®)

a) Ref. 80 b) Ref. 82 c¢) Ref. 81

Table 3.5 Pressure broadening constant vy (full-width)

of Na D lines by rare gases. (See Ref. 83)

v (10-9rad sec™! cm3)

He D, 3.55 % 0.09
D, 4.30+0.03

Ne D, 2.79 £0.05
D, 2.53 £0.03
Ar D, 5.56 + 0.04
D, 4.22 +0.11
Kr D, 4.83+0.09
D, 4.73 £0.11

Xe D, 5.83 £0.12
4.94 +0.11
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Fig. 3.9 Potential curves for NaH. The dissociation energy

of the ground electronic state of NaH (D (NaH)) is 1.92 eV85)
€

(calculation) or 2.02 eV71)(experimental extrapolation).
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Fig.-3.10 Potential curves for CsH.g” The calculated and

experimentally obtained results of the low lying states are shown.

The dissociation energy of the ground electronic state of CsH (De(CsH))

is 1.85 eVgl)(calculation) or 1.86 eV72)(experimental extrapolation).

~ 48 -



constant, ¢ is the velocity of light, and T is the temperature of the

Na vapor in Kelvin.
Many spectroscopic properties of alkali hydrides (for example

84-88) 89-91) 92,93)
?

NaH CsH, and RbH

) have been reported since the first
report on NaH by Hori 1930.94) However, the values of the dissoci-
ation energy of ground electronic state of alkali hydrides have not
been determined precisely yet, although they are the most important
quantity in chemical reactions. - For example, the dissociation
energy of NaH (D (NaH)) has been calculated to be 1.88 eV87)or 1.79 ev®)
in multiconfiguration éelf—consistent—field (MCSCF) method and to be
1.92 eV in configuration-interaction (CI) methodps) whereas the
extrapolation of the measured ground state vibrational levels suggests
2.12 evsﬂ or 2,02 eV]l)

Since small differences of the dissociation energy of alkali
hydrides would result in the large differences of raﬁe of the chemical
reaction to produce alkali hydride molecules, the uncertainty of the
dissociétion energy makes our detailed discussion difficult. In
this thesis, we use the latest results of NaH and CsH,which are shown
in Fig. 3.971)and Fig. 3.10.91)

In Fig. 3.9, we show the calculated results of low-lying molecular
states of NaH.?) We use the values 1.92 eV (calculation)ew or 2,02 eV

(experimental extrapolation)71)as the dissociation energy (D,(NaH)) of

the ground electronic state.
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In Fig. 3.10, we show the calculated results and experimentally

)

obtained results of the low-lying states of CsH.gy We use the values

)

1.85 eV (calculation)gl or 1.86 eV (experimental extrapolation)7n as the
dissociation energy (De (CsH)) of the ground electronic state.

In our experiment, not only the excitation of alkali atoms and
molecules but also the excitation of H, molecules must be consiaered.
However, the excitation of H, molecules to the high electronic states
by visible iight is energetically impossible and the excitation to the
high vibratiohal'stafes in the ground electronic state by light does
not occur because of the selection rule. Therefore only the colli-
sional excitation of H, molecules to the high vibrational states with
excited alkali étoms or molecules are possible. Here, the vibra-

96)about 8 x 10~ sec in

tionally excited H, molecule has long lifetime
10 Torr of H, gas and about 5 * 16"5 sec in 500 Torr of He buffer gas.
These lifetimes are longer thanvthat of alkali atoms and molecules in
the excited electronic stafés of about iO_&”7_sec (see Table 3.4). This
long lifetime of the vibrationally excited Hz'molecules will be dis-
cussed again in consideration about chemical reaction processes,

because the reaction through the vibrational excitation of H, molecules

is expected to occur under the high density of H, molecules.
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Ior. 3 CsH Laser Snow
m. 3. 1 Excitation of Cs Atoms and Molecules by Lasers

The laser excitation of Cs atoms or molecules is necessary for
producing CsH particles. We investigate experimentally the
excitation mechanisms of Cs atoms and molecules in this subsection.

The éxperimental setup is shown in Fig, 3.11. The cell used was
cylindrical with a 3 cm i.d. and a 5 cm length, which was made of
alkali-resistant aluminosilicate (Corning 1720) glass. The cell was
baked at 650°C in a vacuum of 10_6 Torr before filling with Cs vapor and
27 Torr of H, (We will call this cell "C-1" hereafter. See Table 3.6 at
page 68.).

The cell was placed inside an oven, in which the cell femperature
was set about 340°C or changed from 250°C to 360°C, corresponding Cs
density being 9.12% 10'° cm™> or from 1.1 x10'® to 1.4 x10!7 em”d.

We used an Ar' laser pumped dye laser and an Art laser as exciting
light sources.

(a) The dye laser: The wavelength was tuned at the tranéitions between
the 6P states and the 8D

or 9D,, states of Cs, i.e., 601.0 nm (6P, -8D,)

% ¥ % h
or 584.5 nm (G%Z-QDz). The laser power was less than 70 mW.

(b) The Ar* laser: Without an intracavity prism, the Ar* laser
oscillates at several lines simultaneously. (multi-line operation)

The major components of these laser wavelengths are 457.9, 476.5, 488.0,

496.5, 501.7, and 514.5 nm. Selective single-line oscillation among

these lines is possible by introducing the intracavity prism. (single-
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Fig. 3.11 Experimental setup of excitation of Cs atoms and molecules.
Cs atoms and molecules are excited.by the Ar+.1aser and/or the dye laser
beams. . The laser-induced fluorescence from Cs atoms or molecules

is detected at right angles from laser beams by a photomultiplier

through a monochromator.
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line operation) The laser power was less than 600 mW for multi-line
and was less than 50 mW for single-line oscillation.

We set the two laser beams colinearly so that the simultaneous
irradiation was possible. We used some combinations of the dye laser
and the Ar+ laser wavelengths. These laser beams were focussed and
applied to the cell, and their beam diameters at the cell were about
1 mm.

The laser-induced fluorescence from Cs atoms or molecules was
detected at right angles from laser beams by a photomultiplier through a
monochromator. The resolving power of the monochromator was about
1 nm. Figure 3.12 (a) and (b) show the observed spectra for the
excitation by the dye laser beams at 601.0 nm and 584.5 nm, respec-
tively. We could see the fluorescence from some highly excited
states which are not excited by the dye laser beam directly.

The observed spectra excited by the multi-line Ar" laser beam are
shown in Fig. 3.13. We could also find that the fluorescence from
highly excited atoms was increased in the experiment of the simultaneous
irradiation both of the dye laser and Ar" laser beams when two beams
were overlapped within the cell.

These observed results can be explained by the following mechanisms
of the excitation.

The mechanism of the excitation by the dye laser tuned at 601.0 nm
has been reported already by Tam et ai?'ﬂ“75)and Yabuzaki et ai.g”

The laser wavelength must be finely tuned to the line center, for
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Fig. 3.12 The observed spectra of the fluorescence from highly excited

states 'of Cs atoms excited by the dye laser beam. The dye laser
wavelength is tuned to (a) 601.0 nm (GPy-—8D7) and (b) 584.5 nm
2 2
(6P7-9Dy). The cell temperature is about 340°C.
2 2
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Fig. 3.13 The observed spectra of the fluorescence from Csf and
Cs(7D) excited by the multi-line oscillating Ar' laser beam at the

cell temperature about 340°C.
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Fig. 3.14 Energy level diagram of Cs.7 The mechanism of the
excitation to the 8D3/ state by the dye laser beam at A =601.0 nm
2

is also shown.
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example at 601.0 nm, to observe the fluorescence from highly excited Cs

74,97) . . 3) . 75)
the particle formation, and the plasma formation. The

atoms,
laser beam tuned at 601.0 nm can excite Cs atoms from the 6Py state to
2

the 8D7 state, but cannot excite Cs atoms in the ground state to 6P
2

%
state. So, we must seek some mechanism to produce relatively high
74
density of 6Py atoms by the laser beam. Tam et al. ) produced that
2

the high population of Cs(GPZ) atoms is produced by dissociative optical
excitation from the ground singlet and/or triplet state of Cs: to a
repulsive excited Cs. state, which produces Cs(6P) atoms by direct
dissociation (Fié. 3.14), and also by the excitation to the bound state

of Cs; and the succeeding collisional energy transfer. It is known that

the Cs: molecule has a structureless broad absorption band in the region

between 550 and 620 nm through which such dissociative Cs, excitations

127) Tam et al.3) proposed also that the accumulation

are possible.
of atoms in the 6P,/2 state is facilitated by strong trapping of the
atomic resonance radiation and that laser-produced Cs(GPZ) atoms are
further excited to the BD% state by the 601.0 nm laser light. They
also observed the fluorescence not only from SD% state but also from
neighbouring states, e.g. 7D, which were considered to be produced
by collisional transfer or cascades from the 8D%.

As described previously, we excited Cs atoms by the laser beam
tuned at 601.0 nm (GPZ-BD%) or 584.5 nm (GP%-QD%), and we observed the

laser-induced fluorescence from the BD% or the QD% and also from the

neighbouring states and confirmed the existence of atoms in these
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highly excited states. Possible excitation mechanisms to these

highly excited states are as follows:

Cs, + hv f Cs#, (3.8)
Cs# + Cs(6P) + Cs(63), (3.9)
Cs# + Cs(6S) -+ Cs, + Cs(6P), (3.10)
Cs{6P) + hv » Cs(nlL), (3.11)
Cs(nl) + X »Cs(dl') + X, (3.12)

where nL is a highly excited state SD% or QD%’ n'll is a highly
excited state except‘for BD%zandQD%, such as , 7D, 8S, 9S, etc., and
X represents any atom or molecule in the ground electronic state.
Process (3.8) is the laser-excitation of Cs, molecules from the ground
electronic state. Process (3.9) is the
dissociation of the excited state Cs;molecules, as illustrated in

Fig. 3.14. Process (3.10) is collisional energy transfer between
Cs atom and excited Cs, molecule. Process (3.11) is the laser-
excitation of Cs atom from the 6P state to the highly excited state.
For this process, it is required to tune the dye laser to the corre-
sponding atomic transition wavelength, e.g. 601.0 nm,within about

+0.01 nm or *+10 GHz of the line center. Process (3.12) is the

collisional energy transfer between the excited Cs atom and any atom
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or molecule in the ground state.

The mechanism of the excitation by the Ar® laser beam at 457.9 nm
was also reported by Tam et al.l)Under the presence of H, at the pressure
higher than 50 Torr, the pressure broadenings of the second resonance

lines at 455.5 nm (GSy - 7P7) and 459.3 nm (6S,, — 7Py) are not so large
2 2 2

1/2
but it is enough to excite Cs atoms to the 7P states by the 457.9 nm
line of Ar' laser. The mechanisms of excitation by the other Ar'
.laser lines at 488.0, 476.5, 514.5 nm, etc. were reported by
McClintock et ai.ge) Although there is no atomic absorption close to
the wavelength of these laser lines, many atomic fluorescence lines were
observed. The intensities of atomic fluorescence from the 6P and 5D

states were found to be linearly dependent on the laser intensity.

According to McClintock et al., the possible process is
Cs,('N) + Cs + Cs(6P or 5D) + Cs,(X vib.). (3.13)

This process needs single-photon for the excitation to Cs,('l). On the
other hand, the atomic fluorescence lines from 7D, 8D, 8S, etc. were found
to have more than quadratic dependence on laser intensity. Then

they proposed the following two excitation processes. One is the

dissociative excitation as
Cs.(lm) + hv > Cs(6P) + Cs(7D), (3.14)

and the other is recombination of ionized atoms,which are ionized via

collisions between 6P atoms and excited Cs, molecules as
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Cs, (M) + Cs(6P) » Csy(X'Z) + Cs” + e . (3.15)

If there are many excited atoms, the collisional excitation as

Cs* + Cs* + Cs** + Cs(6S) + AE, (3.16)

is possible, where Cs* represents a Cs atom in the excited state
6P, 5D, or 7S, and Cs** represents a highly excited Cs atom.
‘The quantity AE is the energy excess for the reaction.
The excitation by the Art laser operating on multi-lines is

considered to be accomplished through both of atomic and
molecular absorption processes mentioned above. We found that
the intensities of atomic fluorescence (IF) at 672.5 nm
(6P, « 7D,;) and 697.5 nm (6P, + 7D;,) have quadratic dependence on

% A /3 %
intensity (IL) of the Art laser operating on multi-lines in
the blue-green region, as shown in Fig. 3.15. We thought that the
density of highly excited state Cs atoms, such as Cs(7D), is not simply
related to the density of Cs atoms nor molecules in the ground states,
because of their complicated excitation processes, such as Processes
(3.13) — (3.16). But, as shown in Fig. 3.16 (a) and (b), intensities
of the fluorescence at 672.5 nm and 697.5 nm show that the |
density of Cs(7D) has the quadratic and linear dependences on the
density of Cs atoms and molecules, respectively, in the low density
region. However, in the high density region, we see that the
density of Cs(7D) is insensitive to the change of the densities of Cs

atoms nor molecules. This result can notbe explained from only
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Fig. 3.15 The intensities of Cs atomic fluorescence (IF) at 672.5 nm
(6P,, «7D;,) and 697.5 nm (6P, «7D;,) vs. the intensity (I ) of the
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Ar laser operating on multi-lines. The cell temperature was 300°C.
The linear lines in the figure have a slope 2. This means that the
fluorescence (IF) has a quadratic dependence on the art laser intensity
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Fig. 3.16 The intensities of Cs atomic fluorescence (IF) at 672.5 nm

(6P, « 7D;,) and 697.5 nm (6P, « 7D,,) vs. the densities of (a) Cs and (b)
% /A 4 7%

Cs,. In the low density region, the fluorescence shows (a) the

quadratic dependence on the density of Cs and (b) the linear dependence

on the density of Cs;. But, in the high density region, the fluo-

rescence becomes insensitive to the change of the densities of Cs and Cs;
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the Processes (3.13) - (3.16). We think, therefore, that these
results come mainly from the quenching processes of Cs(7D) by H,, which
involve the energy transfer processes both with and without chemical
reactions, because we used the Cs cell containing H, at about 27 Torr.
The detailed quenching mechanisms will be discussed in the next
subsection.

The simultaneous excitation by the dye laser and the Ar+ laser beams
must induce both mechanisms mentioned above. The excitation by the
Ar" laser beam produces Cs(6P) atoms and the dye laser beam excites
Cs(6P) atoms to Cs(8D) or Cs(9D). The highly excited Cs atoms, such
as the 7D states, are produced by the energy transfer collisions of the
Cs atoms in the 8D or 9D states with atoms or molecules in the ground
state (Process (3.12)). Therefore the atomic fluorescence from
highly excited Cs atoms, such as Cs in the 7D state, becomes large
when the Cs vapor is simultaneously excited to the 8D or 9D states by

the dye laser and the art laser beams.

IIT. 3. 2 Quenching Collisions of Excited Cs Atoms with H;
Molecules
We consider the effects of quenching collisions of excited Cs
atoms with H, molecules on the population of excited states of Cs atoms
or the intensities of fluorescence originating from these states. For
simplicity, we restrict our consideration to the direct excitation of

Cs(6S) atoms to Cs* atoms and the following collisional excitation
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Cs* + Cs* » Cs** + Cs(6S) + AE, (3.17)

where Cs* represents a Cs atom in the 6P, 7P, 5D, or 7S state and

Cs** represents a highly excited Cs atom in the state such as 7D, 8D,

or 9D. There are two quenching processes as
Cs*(or Cs**) + H, » Cs + Hy(Vv) + AE, (3.18)
Cs*(or Cs**) + H, » CsH + H + AE, (3.19)
where H,(V) represents the vibrationally excited H; molecule. Process

(3.18) represents the energy transfer from electronic to vibrational
and/or to translational energies, and Process(3.19) represents the
collision leading to a chemical reacfion. We have to consider both
of Processes (3.18) and (3.19) as quenching 'processes. Therefore

the whole processes, which will be considered here, are as follows:

(a) Cs + hv » Cs*, h
k
(b) Cs* + Cs* P Cs** 4+ Cs,

k

£ Cs + H(v), L (3.20)

(c) Cs* + H,
: + CsH + H,

k
w4 Cs + Hy(v),

{(d) Cs** +H, {
+ CsH + H, /
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where kb, kc, and kd are rate constants of the processes.

The density of Cs** is determined by the following rate equations

in this case.

dncs* 2

— — - - 3.21

- BnCs I ACs* Negx kans* kc Neex nHz_ ’ ( )
dt

dn
Cs** 2

—— - - 3.22
w Kyeox = Apgne Mpger ~ KgMpge My, ( )

where n. ., Neoes Neoeer and n, are densitiesof Cs, Cs*, Cs**, and H,, respec-—
2

tively, B is an Einstein's B coefficient, A(.« and A. 4 are Einstein's
A coefficients for Cs* and Cs**, respectively, and I is the energy

density of light per unit volume and unit frequency. In the steady

state, Egs. (3.21) and (3.22) are reduced to

- BncsI = 0, (3.23)

2
+kn, )=k

.24
Nogen (Bpgen d™H, b es* (3.24)

If the density of H, is much higher than that of Cs* (n, >> ny.« ) and
2

ky is about the same order of magnitude as k., we can ignore kbngs* in

Eq. (3.23). In such a case Egs. (3.23) and (3.24) become
BnCs
N = , (3.25)
Cs¥ A + kn
Cs* ¢ H;
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I’le**= (A k )(A k )2 ’ (3.26)
CS**+ dnHz + n

When the rate constants and the density of H, are constant, the density
of Cs** has a quadratic dependence on the density of Cs and the light
intensity. In expeiments the densities of Cs and Cs,,
i.e. ng and neg, » can be varied by changing the cell temperature.

It must be noted that the density of H, and rate constants have also
temperature dependences. The change of the density of H, can be
estimated from the psychrometric chart described in section II.2, but
the rate constants can not easily be estimated. Therefore it is
difficult to discuss the dependence of atomic fluorescence from Cs*¥

(in the 7D state in our experiment) on Neos nHz, and the rate constants,
quantitatively. However, we can discuss it qualitatively as follows.
The density of Cs atoms increases with temperature. The density of

H, molecules and the rate constants also increase with temperature.

Therefore, from Relation (3.26), we can suppose that NG oxx is

proportional to ngs only in the low temperature range (Nh** >>l%rm2 and
. . 2 . R

ACs*>> kthz), but ncyﬁ.mlghtrmn;be proportional to n; . in the high

temperature range (A .x~kyny, and Apgx ~kcn}t).

When there are no H, molecules in the Cs cell, it is apparent from
Relation (3.26) that nge«x is proportional to n%s. Therefore,
if the deviation from the quadratic dependence of ncsﬂeon n. is large,

such as in our experiment described above , it can be said that the CsH

or H(v) molecules are produced by Reactions (3.20) (c) and (d).
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Iom. 3. 3 CsH Particle Formation by Lasers

As described already, the first observation of alkali hydride
particle formation by a laser beam was reported by Tam et alz) in 1975,
where they used the Art laser 457.9 nm line as the exciting light. Since
then several observations of laser-production of CsH particles have
been reported,Z4)iJ1whick1the excitation schemes of Cs atoms or molecules
are different from the first experiment. In 1977 Tam et al})
reported that the CsD particle formation was observed when Cs vapor was
excited by dye laser tuned at 601.0 nm. In 1980 Picque et al.a)
reported the production of CsH particles by the excitation at 455.5 nm
and 459.3 nm, which correspond to the second resonance lines of Cs atom

from the ground state 68, to the 7P7 and 7P,, states. In 1978 we also
2 2 2

% %

observed the CsH particle formation in the experiment where the dye laser
beam tuned at 601.0 nm was applied to the Cs cell containing H, gas.
Since then we have changed the laser wavelength and observed the
particle formation by exciting Cs atoms to the 8D, 9D, and 10S states

by means of a dye laser beam. We found also that the particles are
produced by the excitation using theAr+ laser lines at 457.9, 476.5,

488.0, and 496.5 nm. In this subsection we describe our experiments

of laser-production of CsH particles.
Our experimental setup is very simple and it is shown schematically
in Fig. 3.17. The cell used was cylindrical with a 3 cm i.d. and

a 6 cm length, which was made of alkali-resistant aluminosilicate
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Fig. 3.17 Experimental setup of CsH laser snow formation.
The cell used was made of alkali-resistant aluminosilicate

(Corning 1720) glass.

Table 3.6 Conditions of Cs cells used in our experiment and
results of experiment of particle formation.

The symbol "o" indicates that particle formation was observed,
and the symbol "x" indicates that it has not been observed.

Exciting light source

Cell No. ﬂ{(Torr) ﬁ{ (Torr) .
2 ¢ Ar laser Dye laser
Cc-1 27 0 X o
c-2 4 550 o} o
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(Corning 1720) glass and baked at 650°C in a vacuum of 107" Torr before
filling with Cs vapor. We used two cells; one containing Cs with 27 Torr

of H, (cell No. C-1) and the other containing Cs with 4 Torr of H, and

550 Torr of He (cell No. C-2). Here, 550 Torr of He was used as a
buffer gas. In Table 3.6, we show the conditions of these cells
and the results of the experiment of particle formation. When the

baking was not sufficient, we could not observe the particle formation.
This must be due to the presence of Na,0 on the surface of the walls,
which reacts quickly with H,, resulting in a considerable decrease of
H, pressure.

The cell was placed inside an oven and the cell temperature was
changed from room temperature up to about 340°C, corresponding Cs
density is from 5 ><1O10 to 9 x1(95 cm'3. In the experiment, a
particular attention was paid on the temperature distribution to avoid
the convection within the cell. When we increase the density of
the Cs atoms by raising the‘cell temperature and/or when we increase
the power density of the incident laser beam, the small particles
become visible. As mechanisms of the particle formation are
different for different excitation schemes, we have to discuss the
particle formation for each case.

When we used the dye laser beam as an exciting light, we could observe
the particle formation only if the dye laser wavelength was tuned at

601.0 6P, — 8D - -
nm ( % %), 621.3 nm (6P3/2 BDZ)’ 584.5 nm (SP% QDZ),

583.9 nm (6P,, — 10S,,), and 603.4 nm (6P;, — 10S,,), finely. We used
% % / %
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the Ar' laser pumped dye laser (Rhodamine 6G), whose oscillating
wavelength range was from 570 to 645 nm. The spectral width (full-
width at half —maximum)} of this dye laser was less than 40 GHz;
presumably, about 10 GHz at 100 mW of output power.

We have observed the particle formation at the temperature higher
than 175°C by using the Cs cell C-2 containing H. at 4 Torr and He at
550 Torr. The wavelength and the power of the dye laser beam were
601.0 nm and about 100 mW, respectively. We have also observed the
particle formation by using the dye laser tuned at 621.3, 584.5, 583.9,
and 603.4 nm at temperature of about 260°C. Figure 3.18 shows tﬁe
photograph showing the scattering of the laser beam from the produced
particles. The experimental conditions were T =261°C, A =584.5 nm,
and P=70 mW. As the tuning of the dye laser at these wavelengths
is necessary for producing particles, there is no doubt that the parti-
cle formation is related to the transition from the 6P states to the
highly excited states of a Cs atom. When we used the cell C-1
(PH2= 27 Torr), the particle formation was also observed when the temper—u
ature was about 300°C and at the laser power about 250 mW. Finer
tuning to the transition wavelengths than the case of the cell C-2 was
required. These results are explained as follows. As there are
less pressure broadening of spectral lines of a Cs atom in the cell C-1,
the finer tuning of the dye laser is necessary to excite Cs atoms to
highly excited states. Moreover, as excited Cs atoms and produced

CsH molecules diffuse from laser beam rapidly in the low buffer gas
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pressure condition, it is necessary to produce more Cs* and CsH than
those required in the higher buffer gas pressure. It has been also
observed with the naked eye that the particles in C-1 was moving faster
than those in C-2.

When we used the Ar+ laser beam at 457.9nm line, we couid also observe
the particle forhation in the cell C-2 at temperature of 240°C and at
the laser power of about 50 mW even if the laser beam was expanded to
about 15 mm in diameter. However, we have not observed the
particle formation in the cell C-1 yet at T £350°C and at about 200 mW
aftheAr+'laser power even if the laser beam has been focussed by a lens.
As described in III.3.1, the excitation of Cs atoms by the Ar+ laser
457.9 nm line is made through the far wing of the pressure broadened

lines at 455.5 nm (GSy - 7P7) and 459.3 nm (GSV — 7P,,), the rate of the
2 2 2

%
excitation of Cs atoms becomes extremely low in the cell without buffer
gas. This is one of the reasons why the particle formation has not
been observed in the cell C-1. The other reason is that the faster
diffusion of excited atoms and produced CsH molecules in the cell without
buffer gas. These two effects require more Cs* and CsH to be produced
in order to produce CsH particles as described above.

The particle formation in the cell C-2 by the dye laser and Art
laser beams have different threshold laser power densities. - We can
observe the particle formation by broad Ar® laser beam at 457.9 nm,

whereas we must focus the dye laser beam to observe the particle formation.

This is because the highly excited Cs atoms, which react with H, and
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Fig. 3.19 Observation setup of white light scattering by CsH

laser snow produced by the Ar® laser 457.9 nm line.
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produce CsH molecules, are produced by the single-photon absorption in the
case of the Ar' laser 457.9 nm line and by the step-wise excitation (two-
photon process) in the case of the dye laser beam.

As a large number of particles are produced by the Ar* laser 457,9 nm
line, we can observe it under the illumination of a white light and
photographs of the scattering of the white light can be taken.

As shown in Fig. 3.19, the white light beam was applied to the cell
from the opposite direction to the Ar+ laser beam, which overlapped
to each other within the cell. A filter V-Y48, omitting the
wavelengths shorter than 480 nm, was used to eliminate the Ar+

laser 457.9 nm line. A photograph of the particles

is shown in Fig. 3.20. The diémeter of the

white light beam was about 10 mm and that of the Art laser beam was
about 15 mm. The cell temperature was 334°C and the Ar’ laser
power was 210 mW.

We can see the stripes in the cell from Fig. 3.20. These stripes
move downwards about 1 mm/sec, and cause the oscillation of the
scattered light intensity. This phenomenon was observed also by Tam
et al.a)as an oscillation of the scattered light intensities from the CsD
particles produced by the dye laser 601.0nm line. The oscillation is
now understood as follows. The density of laser produced CsH.(or
CsD) molecules builds up rapidly in the vicinity of the laser beam
until the supersaturation of CsH (or CsD) molecules leads to nucleation

of CsH (or CsD) crystals. When sufficient CsH (or CsD) crystal
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nuclei are formed, they act as efficient sinks for the laser-produced
CsH (or CsD) molecules, and depress the CsH (or CsD) molecular density
enough to prevent further formation of nuclei. The nuclei grow
rapidly due to accretion of laser-produced CsH (or CsD) molecules and
they begin to fall down from the laser beam. The density of CsH
(or CsD) molecules builds up rapidly and nucleation of CsH (or CsD)
crystals may take place again. This leads to the oscillation in
production of particles.

When we used the Ar+ laser operating at 476.5, 488.0, and 496.5 nm,
we could also observe the particle formation in the cell C-2 at the
temperature 240°C and at the laser power of 800 mW. This is because
these lines can excite Cs, molecules and produce the highly excited
states of atoms and molecules through collisional excitation or
ionization. But as the absorption coefficients of Cs, at the 514.5

nm line are low, particles were not produced even at 1.5 W at 240°C.

. 3. 4 Spectroscopy of CsH Molecules
As mentioned already, the laser-produced particles described in
this section are considered to be CsH crystals. According to

Tam et ai.l)

the reasons are as follows:
(1) The presence of gaseous hydrogen is necessary for particle

formation, and gettering it out results in no particle formation.

- 74 -



(2) A white deposit forms on the cell wall in a vertical line just
below the point of exit of the laser beam.
(3) If a cell containing about 100 Torr of hydrogen is excited with
the 457.9 nm line of the Ar laser, one can see a progression of
doublet fluorescent lines of the CsH.

Picqué et aiﬁ) and Sayer et ai}o) also reported that they observed

the emission lines of the CsH by using the dye laser beams at 455.5

and 459.3 nm. We also observed the emission lines of the CsH

excited by the apt laser 457.9 nm line. The experimental setup

is shown in Fig. 3.21. The cells used were C-1 (P}1 = 27 Torr) and
2

c-2 (ﬂ+2= 4 Torr, R, =550 Torr), which we mentioned before.

The low pass filter V-Y48 was used in order to eliminate the strong
scattered light of 457.9 nm laser line by the produced particles.

The other instruments were the same as described before. The cell
temperature was 300°C - 360°C in this experiment. The observed
laser-induced fluorescence of CsH and Cs, in C-1 are shown in Fig. 3.22.
As there was a little back ground light, we subtracted the back ground
from detected signal and obtained the molecular fluorescence of CsH and
Cs,. The fluorescence of CsH at X =499.12 nm and A= 496.48 nm
shown in Fig. 3.22 correspond to the transifions of

AlZ+ (v'=19, J'=10) » X!+ (" =2, J7=11) and Als* (,=19, J =10) =+
Xzv (Vv =2, J7=9), respectively. The laser power dependence of

the observed laser-induced fluorescence is shown in Fig. 3.23, where
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Fig. 3.21 Observation system of CsH fluorescence. Under conditions

where particles were formed, the low pass filter V-Y48 was used in order
to eliminate the strong scattered light of 457.9 nm laser line by the

produced particles.

CsH Al="(v'219, J'=10}
—> X'=1 v, 17)

47670 (v"=1,J"=9)
479.21 (v'=1,J"=11)

A{nm)

54226 (v*=4, J*=11) 49912 (v"=2, J=11)
539.31 |496.48 (2,09
|v=4,07=9)

A
1 L 1 1 1 1 1 1
540 520 500 480

«— A (nm)

Fig. 3.22 Observed laser-induced fluorescence of CsH and Cs, excited

by the Ar+ laser 457.9 nm line at 200 mW. The cell C-1 (PH = 27 Torr)

2

was used and the cell temperature was 360°C.
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Fig. 3.23
fluorescence

and CsH at the cell C-2 (C).
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A shows the fluorescence of Cs, observed in the cell C-2 and B and C
show the fluorescence of CsH observed in the cells C-1 and C-2,
respectively. In Fig. 3.23, the lines A and C can be expressed by
the linear lines with a slope 1 and the line B has a slope 1.5. The
experimental conditions for A, B, and C in Fig. 3.23 are as follows.
The cell temperature was 300°C for +the 1line A and 340°C for

the lines B and C. The resolving power of the monochromator was
1.5 nm for the lines A and C,and 0.3 nm for the line B.

From the consideration of the excitation mechanism of Cs,, we
expected that the intensity of the fluorescence of Cs, is proportional
to the excitation laser power, which has been confirmed by the fact
that the line A has a siope 1. The intensity of the fluorescence
of CsH had been reported to be proportional to the % power of the
incident laser intensity by Tam et ai}'gggt the pressure between 3 Torr
and 50 Torr of H, in the cell. They considered that the CsH
molecules are produced by the laser light at a rate proportional to the
laser intensity and are destroyed mainly by collisions with other CsH
molecules. Such collisions lead to (CsH), dimers, and hence the CsH
concentration is proportional to the squarerocot of the laser intensity.
This implies that the intensity of the fluorescence from CsH* is
proportional to the % power of the laser intensity. This is
consistent with the slope of the line B showing the intensity of the
fluorescence of CsH shown iﬁ Fig. 3.23. But, for the case C, the

intensity of the fluorescence of CsH, which was observed in the cell C-2,
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was proportional to the incident laser power. This means that the
density éf molecules or atoms to be excited is independent of the
incident laser power such as for the case of Cs2; But this is not
true for the case of CsH because CsH molecules are produced by the
incident laser beam. We think this is explained as follows: The
production of CsH particles consumes CsH molecules and make the density
of CsH molecules constant, and hence the intensity of fluorescence of
CsH becomes proportional to the incident laser power.

From these experimental evidences of existence of CsH molecules and
the microscopic observation of existence of crystals, the laser-produced
particles are considered now to be CsH crystals when the cell tempera-
ture is relatively low(T <270°C ). However, at relatively high
temperature T > 330°C, these laser-produced particles are considered to

be mainly Cs droplets because CsH crystals may be decomposed into

H, gas and Cs metal at this temperature.

or. 3. 5 Discussions
. We have described the experiment of laser-production of CsH
particles and its relevant experiments such as spectroscopy of excited

Cs atoms, Cs, molecules, and CsH molecules. In this subsection, we

discuss the chemical processes of laser-production of CsH molecules.
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Detailes of chemical reactions may be different for the energies
and states of excited Cs atoms reacting with H, molecules, and there
are several excitation mechanisms as mentioned already. But it
has been considered that these chemical reactions can be broadly
classified as a direct reaction and an indirect reaction.

Tam et al}) proposed the direct reaction of Cs* and H, which is

expressed as

Cs* + H, » Cs + H. (3.27)

Sayer et al.“n proposed the indirect reaction of Cs* and H. or the

reaction of Cs and H;(v), which is expressed as

Cs* + H, + Cs + Hy(v),
(3.28)

Ho(v) + Cs + CsH + H.
From quantitative experiments, Sayer et al. found that the rate
coefficient of CsH formation is proportional to the densities of Cs(7P),
H,, and Cs in the ground state, and that the reactions can be summarized

as follows:

Cs(7P) + H. + Cs + CsH + other products. (3.29)
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They guessed Reaction (3.29) is realized by the processes as

Cs(7P) + H, + Cs(6S) + H.(v), (3.3)

Cs(6S) + H,(v) + CsH + H. (3.4)

But we note the direct processes

Cs(7P) + H, » CsH + H, (3.1)

Cs(6S) + H + X » CsH + X, (3.2)

where X represents any atom or molecule in the ground electronic state,
are also consistent with Reaction (3.29).

When the H, pressure is higher than a few Torg?OJOI%he quenching
of Cs* by H, is faster than the 1lifetime of Cs(7P) ("10_7 sec)
(see Table 3.4) so that Cs* decays mainly by quenching due to H,.
Moreover the lifetime of H,(v) is also long (~10-.6 sec) as described
in OI.2.2, so that the density of H,(v) becomes high. But about
only half of energy of electronic state is generally transferred to

102,103) 5h4 so most of H(v)(v=3,4)

vibrational state by collisions,

produced have not enough energy to produce CsH. Since the dissoci-

ation energy of CsH is 1.86¢eV (D (CsH)), only few percent of H,(v)(v2 6)
e

have the energy which can produce CsH by collisions between Cs(6S) and

H(v) (Eq. (3.4)). Anyway, since we have not known the reaction rates
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for the processes (3.1) - (3.4), we cannot tell which process, direct

or indirect, is predominant.
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Ior. 4 NaH Laser Snow

We describe the laser-production of NaH particles (NaH laser snow)

in this section. First of all, we describe the excitation of Na
atoms and molecules by lasers. Next, we describe the NaH laser snow
formation by the excitation of Na, molecules and Na atoms. We

describe also the experimental evidence of the dissociation of the
produced NaH laser snow by the collisions with Na atoms in the

3P states.

IoI. 4. 1 Excitation of Na Atoms and Molecules by Lasers

The aim of our experiment of the excitation of Na atoms and
molecules by different wavelength laser beams is to know how Na atoms
and molecules are excited by lasers and to know which excited states of
atoms and molecules produce NaH molecules.

We used the Ar+ laser and the Ar+ laser pumped dye laser as the
exciting light source, but the wavelength of the dye laser was different
from the case of Cs. The experimental setup is shown in Fig. 3.24.
The cell used was cylindrical with about 1.5 cm i.d. and about 5 cm
length, which was made of alkali-resistant aluminosilicate (Corning
1720) glass. In order to fill the cell with the pure sodium, we
distilled a small amount of sodium metal several times in a vacuum of
about lO—5 Torr. The cell was baked at 650 C in a vacuum of

-6
10~ Torr for about 24 hours before filling with Na vapor and with H,
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Fig. 3.24 Experimental setup of the excitation of sodium atoms

and molecules.
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Fig. 3.25 Typical spectra of the fluorescence from the 4D states
to the 3P statesof Na (A =568.3 nm (3P1/2 « AD%) and A =568.8 nm
(3P3/2 « 4D%’2)).These fluorescence lines were observed when the cell
temperature was 278°C and the cell, which was filled only with Na,

was irradiated by the D, line (A= 589.0 nm (SSy - SP%))'
2
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and/or He gases. The cell was placed in a transparent glass oven
which was carefully designed so that the convection within the cell was
minimized.

Let us consider the excitation of Na atoms by the dye laser tuned
to one of the Na D lines. It is well known that the intense dye
laser beam tuned to one of the Na D lines can excite Na atoms not only
to one of the 3P states but also to the other 3P state and to highly

excited states such as 55 and 4D.73J04'10”

The typical spectra of the
fluorescence from the 4D states to the 3P states are shown in Fig.
3.25. One of the excitation mechanisms to the highly excited states
were reported by Allegrini et al-73) They considered that the

excitation to the highly excited states is due to the collisions between

the 3P state atoms, i.e.,
Na(3P) + Na(3P) + Na(3S) + Na(nX) + AE, (3.32)

where nX represents a highly excited state and AE is the energy defect
or excess for the level nX with respect to twice the electronic energy
of the colliding Na(3P) atoms (see Fig. 3.4). In this model, this AE
is relatively large (AE =+700 cm_1 for the level 5S and AE =-600 cm-1
for the level 4D). Then, to remove the difficulty of the large.
energy defect or excess, Geltmanum)suggested another mechanism for this
excitation, wherein he emphasized the importance of the laser-induced

ionization or stimulated radiative Penning effect of the 3P state
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atoms, i.e.,

Na(3P) + Na(3P) + hv + Na(3S) + Na' + e , (3.33)

But, recently, Kopystynska et aLlOM

and Krebs et ai}OB)have shown that
the highly excited states of sodium atoms are produced by the energy
transfer collisions between 3P state atoms and suggested that the

)

mechanism shown by Allegrini et al.73 is correct.

Next, let us consider the excitation of Na, molecules by the Ar'
laser beam. It is well known that almost all of the Ar+ laser lines
can excite Na, molecules from the ground electronic state xlzg to the

BN, state, /7109-111)

We made the experiments on the

excitation of Na, molecules by using the several laser lines; The
experimental setup is shown in Fig. 3.24. The Ar+laser lines used
were 457.9, 465.8, 476.5, 488.0, 496.5, 501.7, and 514.5 nm lines.

The laser-induced fluorescence from Naz(Blnu) state could be observed
at excitation by most of the Ar+ laser lines except for 457.9 nm and
465.8 nm in our experiment. The typical spectra of fluorescence in
the case of the excitation by the Ar+ laser 488.0 nm line are shown in
Fig. 3.26. The fact that we could not observe the fluorescence

from Nae(B‘Hu) molecules under the irradiation of the Ar' laser 457.9 nm

and 465.8 nm lines is considered to be due to the low excitation

efficiencies and the low intensities of these laser lines.
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The density of the excited Na, molecules is considered to be
directly proportional to the intensity of the Ar ' laser beam. But,
as we used the Ar' laser oscillating on multi-lines for particle
formation and changea its total power by changing the discharge current
of the Ar discharge tube, the relative intensities of the Ar" laser
lines were probably changed. Moreover, the efficiencies of
production of Na,(B'l;) molecules are different in laser lines.
Therefore, strictly speaking, the density of Na,(B'lly) molecules is not
proportional to the total Ar+ laser intensity. Figure 3.27 shows the
intensity of laser-induced fluorescence from excited state of Naz(Blnu)
(If; » =504.4 nm), in which we see that the fluorescence is almost
proportional to the Ar+ laser power I,.

We intended also to excite Na atoms to highly excited states by fhe
dye laser beam, i.e., we applied the dye laser beam at X =614.5 nm,

which corresponds to the transition between the 3P,, state and the

%
SSy,state, or 578.7 nm, which has just a half energy of the transition
2

between the 35S state and the 4D state. When the density of Na(SP})
2
is high, the 614.5 nm light excites Na atoms in the SPy state to the SSy
2 2
state. When the 578.7 nm laser light is strong, the transition

between the 3S state and the 4D state may occur frequently by absorbing
two photons of the 578.7 nm light simultaneously. Since these dye
laser beams can excite Na, molecules to the A'fr state, which produce
Na(3P) by energy transfer collisions between Na,(A'Z ) and Na(3S),7M we

could observe the strong D, and D, fluorescence . However, we could
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Fig. 3.26 Typical spectra of laser-induced fluorescence of Na,
excited by the Ar" laser 488.0 nm line. The cell temperature

is 230°C and the cell contains 620 Torr of He.
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Fig. 3.27 Intensity of laser-induced fluorescence of Naz(B'IIu)
(IF; A=504.4 nm) vs. the Ar ' laser power (IL)' The linear line

in the figure has a slope 1.
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Fig. 3.28 (a) Experimental setup, and (b) a photograph showing the

Mie scattering of the Ar+ laser beam by the produced NaH particles.
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not observe the fluorescence from the 5S and 4D states in our

experiment.

oI. 4. 2 Particle Formation by the Excitation of Na,

Figure 3.28 (a) shows the simple experimental setup used to
observe the NaH particle formation by the Ar' laser beam. In this
experiment, we did not select a particular line of the art laser lines,
so that about six lines were simultaneously oscillating in the visible
region. The Ar' laser beam was focussed by a lens (focal length ;
10 cm) and applied to the glass cell containing Na vapor mixed with H,
gas of about 10 Torr and He gas of about 500 Torr, which was used as
a buffer gas. We used the high pressure of He buffer gas to produce
more particles and to make the movement of the produced particles slow
enough to observe individual visible-size particles, although the
particle formation could be observed in a cell without buffer gas as
described later.

It is noted that the cell should be baked out at a temperature
higher than 650°C, in a vacuum of about 10_6 Torr, for about 24 hours
before filling with Na vapor and with H, and/qr He gases. When the
baking was not sufficient, we could not observe the particle formation.

This fact must be due to the presence of Na:0 on the surface of the
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walls, which reacts quickly with H, and results in a considerable
decrease of H. pressure.

Figure 3.28 (b) is a photograph showing the strong Mie scattering
of the Ar+ laser beam by the produced particles, which was taken about
15 sec after the irradiation, in the case that the tempefature of the
cell was 280°C and the laser power was about 1 W. Within a few
seconds after the laser irradiation, we could see the produced particles.
The largest particles fell down from the laser beam through gravity
with a velocity of about 1 mm/sec. By equating the force of gravity
to the viscous retarding force of He buffer gas, we could estimate the

size of the largest particles to be about 1 pm.

We measured the threshold Ar' laser power for the particle
formation by varying the temperature of the cell from about 245°C to
285°C which corresponds to the Na,density from 1.4 xlollto 1.1 Xlolzcmf3.
Figure 3.29 shows the threshold Ar+ laser power Iy for particle
formation as a function of Na, density Nyg,o which was determined from

the measured temperature. We see from Fig. 3.29 that the threshold

condition for NaH particle formation can be expressed as

ITh(Tﬁ nNa(T):zconst. (3.34)

2

When the saturation in absorption of the Ar' laser beam can be

neglected, the density of sodium molecules in the BIHu state is thought

- 92 -



TTT] — 1T T T TTT17]

Ll

I (W)

Q

u | .

poad L1 1t 1l
01 1011 1012

anz (Cm'3)

Fig. 3.29 Threshold Ar' laser power ITh for particle formation

as a function of Na, density n
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4.476 eV) are also shown.
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to be proportional to the I Consequently, the

Th™Na, *
threshold Condition (3.34) shows the fact that when the density of
sodium molecules in‘the Blpn, state reaches a certain value, the density
of the produced NaH molecules become its critical value Myan, ¢ for
condensation.

In the present stage, the most probable chemical reaction to

produce the NaH molecules is considered to be

Ne,(B'm,) + H, + 2NaH, (3.35)
which is energetically possible as described below. The energy

- 1
relations are shown in Fig. 3.30. The energy of the Na, B I, state

)

at the bottom of the potential well is 2.52 eV70 above the bottom of

the Na, Xlzg state, and the dissociation energies of Na, and H, in the

70
ground states are known to be q)(Naz)==0.73 eV and DO(HJ =4.476 eV. )
The dissociation energy of NaH (D (NaH)) is not accurately known.

6) and

In a few references, it has been calculated to be 1.79 eV8
1.92 eV,85) and it has been also estimated to 2.02 eV71) by the
extrapolation of the measured ground state vibrational levels.

We will use the latest value of 2.02 eV as De(NaH) and 1.95 eV as DO(NQQ?

in this section. The energies required for the reactions

between Na, and H, becomes
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Nao(B'I ) + H, » 2NaH + 1.21 eV, (3.36)

Nag(X‘Zg) + H, + 2NaH - 1.31 eV. (3.37)

Here, one may find also that Reaction (3.35) is consistent with the
experimentally obtained relation between ITh(T) andxwaz(T), which is
given by Eq. (3.34);

Another possible mechanism to produce NaH molecules is the reaction
of sodium atoms in the highly excited states, which may be created
indirectly from‘Nae(B‘Hu) through the process: NaQUB‘Hu) + Na(3P) + Na(nX).
The excitation of sodium atoms to the 3P states is possible partially by
the dissociation of Nag(B‘Hu) and partially by the energy transfer
collisions of these excited molecules with ground state Na atoms.

The energies of the 3P states of Na atoms (E(Na(3P)) =2.10 eV)

are not enough to produce NaH molecules by the direct reaction:

Na(3P) + H, + NaH + H -~ 0.42 eV. (3.38)

Therefore the excitation from the 3P states to some highly excited S and
D states by (a) collisions between 3P state atoms as described in the
preceding subsection, or (b) the laser excitation through the far wings
of absorption lines broadened by He gas, is necessary for the direct
reaction producing NaH molecules between Na atoms and H, molecules.

It was found, however, that both of the processes (a) and (b) were not

dominant for the production of NaH in the present experiment as follows.
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To check the process (a), we excited Na atoms by the dye laser
tuned at A=614.5 nm and 578.7 nm as described in the preceding
subsection and intended to observe the fluorescence from tﬁe highly
excited states and the particle formation. However, we could only
observe the strong D, and D, fluorescence . instead of the fluorescence
from the highly excited states and the particle formation. It should
be noted that the D, and D, fluorescence for the dye laser excitation
is a few times stronger than that for the Ar+ laser excitation.

These results indicate that the excitation of Na to the 3P state is not
the main cause of the particle formation, in the case of the Ar+ laser
excitation.

As to the process (b), since the 514.5 nm line of the Ar+ laser is
very close to the transition frequencies from the 3P states to the 68
state (Av =13 cm_l), we considered that this Ar+ laser line may
contribute to the excitation of Na to the 6S state and to the particle
formation. However, if we assume that the process (b) is dominant,
the threshold laser power as a function of Na, density must be given by
Iﬁ1nNaz= const., which disagrees with the experimental result given by
Eq. (3.34). In this way we could ascertain that the Na, molecules in
the B‘IIu state excited by the Ar+ laser beam produce directly NaH by the

process of (3.35).
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Fig. 3.31 Experimental setup for the observation of the NaH particles
produced by the dye laser beam. The Ar' laser beam was used for
the monitor beam for observing the light of the Mie scattering by the

produced particles.
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II. 4. 3 Particle Formation by the Excitation of Na

We applied the CW dye laser beam tuned at the Na D, or D, line onto
the cell similar to that described before in order to know whether or
not the particle formation takes place by the excitation of Na atoms.
The experimental setup is shown in Fig. 3.31. When the dye laser
beam tuned at one of the D lines is absorbed by Na atoms, the fluo-
rescence at this resonance line is reemitted. Therefore we can not
distinguish the light of the Mie scattering by the produced particles
from the fluorescence at this resonance line. To observe snow
formation by the Mie scattering, we must use the different setup from
Fig. 3.28 (a). As shown in Fig. 3.31, the Ar' laser beam was used
as a monitoring beam to observe the Mie scattering by the produced
particles. This Ar+ laser beam, which was weakened so as not to
produce the NaH laser snow by itself, was applied from the opposite
direction to the dye laser beam. Both éf the beams were set so
that they overlap to each other within the cell. Then, by using a
proper filter or monochromator through which only the Ar+ laser line
can pass, we observed snow formation by monitoring the Mie scattering
of the Ar' laser beam by the produced particles.

In the case of the excitation of Na atoms, the expected direct

chemical reactions with H, molecules are

Na* + H, + NaH + H, - (3.39)
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Fig. 3.32 Threshold power ITh of the dye laser tuned at the D,

line for particle formation as a function of Na density ny,
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Na* + H, - Na + 2H, (3.40)

Na + H + He + NaH + He. (3.41)

When we can neglect a small change in the kinetic energy of the system,
we see, from the conservation of internal energies before and after
the reactions, that the energy of Na*, i.e., E(Na*), required for

Reactions (3.39) and (3.40) must satisfy the following conditions,

respectively:
E(Na%*) > DO(HZ) - DO(NaH)= 2.53 eV, (3.42)
E(Na*) > DO(H2)=44.476 ev, (3.43)

From Conditions (3.42) and (3.43) we see that the Na atoms in the
3P states (E(Na(3P)) =2.10 eV) have not enough energy for Reactions
(3.39) and (3.40). However, as described in III.4.1, when the
population of the 3P state atoms is large, the excitation to the higher
energy states becomes possible. The atoms in the states 3D, 58,
and 4D satisfy Condition (3.42), and those in the states 6S and 5D
satisfy Condifion (3.43).

Similar to the experiment described in the preceding
subsection, we have measured the threshold dye 1laser power ITh

for the formation of particles as a function of the cell temperature.

Figure 3.32 shows ITh’ when the laser was tuned at the D, line, as a

function of the sodium density nNacalculated from the cell temperature.
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We can see in Fig. 3.32 that ITh is approximately proportional to the
inverse Oflha; i.e., the threshold condition for the particle formation

is given by

ITh(T) nNa(T)= const. (3.44)

When the satﬁration of the transition from the 3S state to the 3P1/2 state
can be neglected, IThnNa is approximately proportional to the population
of Na atoms in the 3P states (the E}P,/2 and 3P% states are completely
mixed by the collisions with He atoms). Consequently, Eq. (3.44)
implies that the particle formation begins when the population in the

3P states reaches a certain value. Since the 3P states do not have

the energies required for Reactions(3.39) and (3.40), the threshold

condition must be rewritten as

i .

MNa(nX) (IThnNa) =const., (3.45)
where Na(nX) is a Na atom in the highly excited state satisfying
Conditions (3.42) or (3.43), and m is an integer determined by the

excitation mechanism to this state.

There is also another possibility of the indirect chemical reaction

process similar to the process of the CsH production proposed by Sayer

et al 1Y
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Na(3P) + H, + Na(3S) + Hx(v), (3.46)

Na(3P) + H.(v) + NaH + H. (3.47)

These processes satisfy also Condition (3.44) and the energetical

requirements. Here, let us recall the reaction between Na atoms

in the 3P states and H, molecules,
Na(3P) + H,+» NaH + H - 0.42 eV. (3.38)

From the experiment 6 using a low-pressure sodium discharge lamp,
Netten113)showed that even though Reaction (3.38) is endothermic by
about 0.4 eV, the rate of Reaction (3.38) is much faster than

(3.47) in his experimental condition. But, in our
experiment using the dye laser beam tuned to one of the D lines, the
optical excitation density is about 107 times larger than that in his
experiment, and hence the density of Na(3P) atoms is expected to be
about 107 times larger than that in his experiment. By applying
his theory to the case of large density of Na(3P), we obtain the
opposite result that Reaction (3.47) is faster than Reaction (3.38).
This means that the reaction mechanism is completely different when
the laser beam is used as the exciting light source.

Then we can conclude that Reaction (3.47) is the

- 103 -~



more probable reaction than Reaction (3.38) in our case. Here, we

cannot conclude clearly which process, the direct reactions (3.39)-
(3.40) or the indirect reactions (3.46)-(3.47), is predominant.
But from the above discussions, we can write the chemical reaction

globally as
Na(3P) + Na(3P) + H, = 2NaH. (3.48)

In the present experiment, the dye laser was tuned at the Na D, or
D, line and the spectral width at half-maximum of the dye laser beam
was estimated to be about 10 GHz ( Ax =0.01 nm). On the other hand,
Since we used the cell containing He gas of about 500 Torr,
the pressure broadenings of the D lines (full-width at half-maximum)
are about 10 GHz. These are obtained by simple calculations
from Table 3.5, These values are larger than the Doppler widths(~2 GHz)
calculated from Eq. (3.7). | Therefore both the dye laser and the
pressure broadened D lines have almost the same width in our experiment,
and frequency stabilized dye laser is required. If the dye laser
is enough tuned to one of the D lines, the most of the longitudinal
modes of the dye laser can contribute to the excitation of Na atoms.
But, if the wavelength of the dye laser varies, the measurement of the
threshold laser power becomes meaningless, because the excitation
efficiency changes with the variation of the dye laser wavelength.

Therefore we used the following procedure in order to minimize the
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fluctuation of the dye laser wavelength. First of all, we tuned
the dye laser wavelength at the D, line at each temperature and let
the fluorescence of the D, line be maximum. Next, we changed the
dye laser power by using two linear polarizers and by controlling the
angle between the polarization directions of these two polarizers
because the wavelength of the dye laser varies somewhat with the change
of its power in general. We repeated this procedure at each
temperature and obtained the results shown in Fig. 3.22. On the
other hand, when we use the dye laser, whose wavelength is stabilized
by a Faraday filter or other methods of using the spectral lines

of atoms or molecules, the tuning and stabilization of the dye laser
wavelength is expected to become extremely easy. Therefore, the
experimental error couldbe reduced to a large amount when we use the
wavelength-stabilized tunable lasers by the Faraday filter or by the
saturated absorption etc.

Next, we changed the laser power in the experimental setup
shown in Fig. 3.31, i.e., we applied the Art laser beam, whose power
was set above the threshold value for the particle formation, and the
dye laser beam, tuned at the D, line at above 10 mW, to the cell. We
observed the disappearance of the particles in the region where two
beams were overlapped as shown in Fig. 3.33. This phenomenon
indicates probablythe fact that both NaH particles and NaH molecules
are dissociated by the collisions with the Na atoms in the 3P states.

Because the Na atoms in the 3P states have energies, 2.10 eV,
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Fig. 3.33 Sketch showing the observed dissociation of NaH
particles produced by the Ar' 1aser beam in the region where the

dye laser beam tuned at the D, line is applied.
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higher than the dissociation energy of the NaH, 1.95 eV, the 3P

state atoms can dissociate the NaH molecules by collisions.

But, in the case of laser-production of other alkali hydride molecules,
such as CsH, RbH, and KH, which have been observed so far, the energies
of the first P states of Cs, Rb, and K are lower than the dissociation
energies of these molecules, so that the collisions with the atoms in
the first P states cannot seriously affect the density of the produced

alkali hydride molecules.

Ioa. 4. 4 Discussions

We have measured the threshold laser power for particle formation

at the range of temperature from 230°C to 290°C and obtained the

relations
ITh(T) nNa(T)=const., (3.44)
It (T) nNaz(T) =const. (3.34)

From these results and the energy relations between Na, Na,, and H,, we
found that NaH laser snow is produced not only by the excitation of Na
atoms but also by the excitation of Na, molecules, although the experi-
mental conditions were very limited in a small range of the cell

temperature and in the filled gas pressure.
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Table 3.7 Conditions of Na cells used in our experiment and
results of the experiment of particle formation. The symbol
"o" indicates that particle formation was observed, and the
symbol "x" indicates that it has not been observed. The

symbol "-" indicates that the experiment has not been made.

Exciting light source

Serial cell No. PHZ(Torr) PHe(Torr) Ar' laser Dye laser
A-12 11 470 o -
A-13 12 480 o o}
A-14 19 480 - o
A-16 7 490 o -
A-17 32 0] - e}
A-18 0 600 b 4 b 4
A-21 . 13 490 - o
A-24 15 98 o -
A-25 .13 v 500 o -
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As the sodium easily reacts with the glass, even the alkali-
resistant aluminosilicate glass cell becomes opaque at temperature
higher than 290°C, whereas the ordinary pyrex cell becomes opaque at
temperature higher than 260°C. Therefore we cannot measure the
threshold laser power for producing particles quantitatively at
temperature higher than 290°C. On the other hand, because of the
limit of the laser power, the laser snow has not been observed at
the temperature lower than 230°C for the dye laser and 245°C for the
Ar+ laser. Then the ranges of the densities of Na atoms and Na,
molecules are about 1 order of magnitude.

The influences of the pressures of H, and He, must be checked.

For this purpose, we have observed the particle formation by using
several cells, though the filled gas pressures are not largely different.
The conditions of the cells are listed in Table 3.7. In Table 3.7,
we show alsé the results of the experiment of particle formation.

The symbol "o' indicates that particle formation was observed, and the
symbol "x" indicates that it has not been observed.’ The symbol

"-" jndicates that the experiment has not been made.

For observing the Mie scattering by the NaH laser snow produced by
the dye laser beam, we used the art laser beam in addition to the dye
laser beam. It was necessary to reduce the Ar' laser power to avoid
the influence on the snow formation by the dye laser beam at high
temperature in this experiment. In the experiment of using only the

art laser beam, we used it for both producing and observing the NaH laser
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snow. Therefore less amount of particles must have been observed
when the higher Ar+ laser beam intensity was needed for producing
particles. However, we have not estimated these effects quantita-
tively.

We found the dissociation of the NaH laser snow by the collisions
with the Na atoms in the 3P states, which have energies higher than
the dissociation energy ©f NaH. In the case of other alkali hydride
laser snows, suchdissociation of the produced particles had not been

observed so far.
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oo. 5 Summary and Conclusions

We have discussed the laser-production of CsH and NaH particles
in this chapter. These particles have been produced by the irra-
"diation of the laser beams with the particular wavelengths
coincident with the spectral lines of Cs or Na atoms and/or molecules.
We summarize the laser-production of CsH and NaH particles in this

section and discuss the differences with other laser-produced particles.

The experimental requirements of the laser-production of CsH and
NaH particles can be summarized in Table 3.8. Since the conditions
of experiments at different wavelengths are not the same, it isdifficult
to discuss quantitatively. However, we can say that the particles are
sometimes produced by only a few mW of the laser power and the
densities of atoms and molecules are above 1013 cm_3 and lO11 cm_3 ’
respectively. This result might be applied to the laser-production
of other particles, such as RbH particles. As seen in Table 3.8,
higher laser power and higher densities of atoms and molecules are
required for the laser-production of particles in the cell without He gas.
This is considered to be due to the less pressure broadening of absorp-
tion lines and the higher diffusion velocity of produced alkali
hydride molecules. Since these two effects decrease the densities of
the prodﬁced alkali-hydride molecules in the laser beam, it is needed to

produce more alkali hydride molecules for the particle formation.
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Table 3.8

of CsH and NaH particles.

(a)

(b)

CsH

Wavelength(nm)
Temperature(°C)
Laser power(mW)

Filled gas(Torr)
He
H,

Cs density(cm™?)

Cs; density(cm™?)

NaH

Wavelength(nm)
Temperature(°C)
Laser power(mW)

Filled gas(Torr)
He
H,

Na density(cm™?)

Na, density(cm~?)

601.0
=175
100

550
4

25 x10'"
29 x10%?

457.9 ~514.5
>245
100 ~ 1500

470
11

>3 x 1013
21 x10!!

601.
300
250

27
4 x
2 x
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0

1016
101'0

589.6
2230
2 ~ 50

480
12

22 x10%3
26 x10!°

Experimental requirements of laser-production

457.9
240
50

550

8 x10*'°®
2 x10%3

589
280
400

32
1x10*
8 x 101!



From the several experiments of the laser excitation of alkali
vapor and of the particle formation, and from the consideration about
energy relations, we have discussed the laser-induced chemical reactions
to produce alkali hydrides. We have found that both the direct
and indirect chemical reaction processes between excited alkali atoms
and hydrogen molecules are possible in both cases of CsH and
NaH. We have found also that NaH particles are produced directly
through the reaction between the Naz(B‘Hu) and H,.

When the alkali hydride molecules are produced at high density,
the small particles composed of these alkali hydride molecules become
visible to the naked eye. We found also that the produced NaH

particles are dissociated by the collisions with the Na(3P) atoms.

By comparing the alkali hydride laser snow with other laser—
produced particles described in the preceding chapter, we can see the
following differences. a) Typically a few seconds of laser irradiation
is enough to produce the laser snow whereas it needs a few tens of
seconds for S0, - NO, mixture and CCl,- Cl, mixture systems. b) The
produced laser snow is composed of simple ionic crystal. c) It is
possible to produce the laser snow by exciting alkali atoms so that
the efficient excitation can be achieved. d) The processes of

chemical reactions are comparatively simple.
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We have described the laser-production of CsH and NaH particles
and the formation mechanisms of CsH and NaH molecules in this chapter.
Next, we must study the growth mechanisms of particles in order to
understand the mechanisms of the laser-production of particles.

For this purpose, we made another experiment of measuring the size
distribution of the laser-produced CsH particles, which will be

discussed in the next chapter.
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CHAPTER IV

TEMPORAL CHANGES IN SIZE

DISTRIBUTION OF CsH LASER SNOW

v. 1 Introduction
Some studies have been reported on the laser snow and its formation
- 1—6,10& . . . .
mechanisms s described in chapter III. Particular attention has
been placed in these works on the laser-induced chemical reactions to
produce alkali hydride molecules, but the growth of particles has not
been extensively studied so far. The size of the

largest laser snow was estimated to be about 1 umz'm

rcm the falling
velocity of the particles in a buffer gas of relatively high pressure,
but the size distribution has not been measured yet.

In the natural world, there are many kinds of small particles
produced in the air or other gases, but growth mechanisms of particles
are not well known yet. The size distribution, especially
its temporal changes, give us important informations to
reveal the processes of growth of particles. The measurements of
temporal changes of size distribution are quite few}s'zn and most of
the measurements have been done on the steady state or quasi-steady

21,114,115)

state size distributions of these natural particles, although

the temporal changes of the size distribution have been studied
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28-30,116,117)

theoretically by using simplified models. A numerical study

using optical data to yield a histogram distribution for the particle
size distribution has recently been reported by Heintzenberg et aLllm
but they did not apply it to the realistic mesuarements of size
distribution and its temporal changes.

In this chapter, we describe the measurements of
the size distribution of the CsH laser snow and its temporal changes.
The measurements of size distribution described in this chapter are
based on the light scattering from the laser-produced particles. Under
the production of CsH particles by applying an Ar+ iaser beam to a cell
containing Cs vapor and H, gas, a linearly polarized white light beam is
applied and the wavelength- and polarization-dependences of right-angle
scattering from the laser-produced particles are measured. The
measured dependences are compared with the theory, in which the scattered
light intensity is given by the convolution of the scattered light
intensity from each particle and the size distribution function assumed.
For the scattering from each particle, we use the Mie theory assuming
that the particle is spherical, and as to the size distribution, we
use several test functions, each having three unknown parameters.
By comparing the experimental results with the theory, we determine
the best test function and the best values of its parameters, at each
moment from the beginning of the laser-irradiation.

In the present work, we could succeed the first precise measurement

of the size distribution of the laser-produced alkali hydride particles.
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It must be noted that the temporal change of size distribution had not

been measured precisely even for other particles.

V. 2 Principle of Measurements of Size Distribution
v, 2.1 Mie Theory
In the paper published in 1908}19) Mie obtained a rigorous

solution for diffraction or scattering of a plane monochromatic wave
by a homogeneous sphere of an arbitrary radius. The Mie theory can
be applied to scattering by any»number of spheres, provided that they
have the same radius and composition and that they are distributed
at random and separated from each other by distances larger than
the wavelength. Under these circumstances there are no coherent
phase relationships between the light waves scattered by the different
spheres, and hence total scattered intensity is simply given by the
multiplication of the intensity of light scattered by a spherical
particle and the total number of particles.

First of all we recall the Mie theory and consider the scattering
of the linearly polarized plane monochromatic light with a wavelength A
by a spherical particle with radius @ and a complex refractive index ﬁ.
It is convenient to use the normalized radius @ defined as ¢ =2na/).
We take a Cartesian coordinétes with the origin at the center of the
sphere and with the x- and z-axes taken to the directions of polarization
and propagation of incident light. The observation point is repre-

sented by P(r, 8, ¢), where r, 9, and ¢ are the quantities used in
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POLARIZATION " P(r,6, ¢)
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4 _/
DIRECTION OF
PROPAGATION
Y
Fig. 4.1 Coordinates with the origin at the center of the sphere,

the z-direction in the direction of the incident light propagation
and the x-direction in the direction of the incident light polarization.

The observation point is shown as P(r, e,¢).
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ordinary polar coordinates:

Xx=rsing@cos ¢, .

y=rsinesinyg, L, (4.1)

Z=r cos 8, J

We define the plane of observation as that containing the direction of
propagation of the incident light and the direction ( g, ¢) of observation.
Our purpose here is to obtain the 8 and ¢ components of scattered

() (s)

electric vector E and its intensity I at the observation point.
When we normalize the amplitude of the electric vector of the
incident wave by unity, i.e. lﬁ I =1, we can obtain E(S) and E(S)
by solving the Maxwell's equation under the boundary condition that the

tangential components of £ should be continuous across the surface of

the sphere 120)
g(8) o L cos® Z {eB C(lgkr) P 2cose)s1ne 1
O Tk v Sl Ty b
) (1 (1
—L”IB’LC’LZkr) Piecos 0) =in6 },
¢ (4.2)
(s) __1 sino (1 1
E¢ =- ,L{l {aB (kr) 2cos 9) sine

-

1
-L ”LB’L él%kr) PLIZCOS 6)sin@ }, J
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e m .
where k =2n/A. Scattering coefficients Bj_ and Bl are given as

follows.

e, _Av2dn “’l(q) Y (ng) - v ,(§)¥,(nq)

B =4 0
A(4+1) nr, (q)‘u(nq) —cizq)wi(nq)

(4.3)

A2 de nwl(q)wi(nq) —xu(q)wl(nq)

L(4+1) nc l(q)vu(nq)— c( ﬁ(q)wl(nq)

By i

The functions used in eqs. (4.2) and (4.3) are as follows:

u(f&)—jg l/(q),
X,L =,/ l1+/

Ay _[mg (1)
g (@ =¥, )—L)&(q)—/ > Hl+1/2(q),

; the Bessel function, S (4.4)

7

Ji+‘/2(q)

NJ_+ %

(g) ; the Neumann functions,

(1)
H’U_y(q) ; one of the Hankel function,
2

(1
P ZCOSG);the associated Legendre polynomials, ~

and the prime on \pl, c(j), and Pil) represents the differentiation with
respect to their arguments. When the argument of t;(z) and c(l)'is

4

large, i.e., |g|>1, we can use the following asymptotic formulae:
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4 7

LIGHT ~ 5 2
1 SCATTERED LIGHT
TO BE DETECTED
y 1. L (A 8) OBSERVATION POINT
2; L(Ax,q;0) P(r,8)

Fig. 4.2 Definitidn of the polarization of the scattered light.
The origin is set at the center of the sphere and z-direction is
chosen to the direction of the incident light propagation. The
scattered light is observed from the direction on the y-z plane with
the angle g from the z-direction. %U( A, @ 8) is the scattered light
intensity when the incident light is polarized to the y-direction and
the polarization of detected light is on the y-z plane, and IJ} A» @ 6)

is the scattered light intensity when the incident light is polarized to

the x-direction and the detected light has the same polarization.
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(1)((;) 5 (_4_)1"1 J.‘Z

(4.5)
A
g ~ it &8
This is the case of a far field region (kr »1). Using Eqgs. (4.2)-
(4.5), intensities of the scattered light become
(1)
\2, @ P, (cos @) 2
éS) Z —')i(eB él)kcose) sin6 -8 ié————————) |
/4 L LT
4 nr =1 sin © ,
(1)
2 « (COS 9) -
I(S) X ) (—i—)i( g = .M P(l)(cos ¢)sineg) > (4.6)
1 L . A4
4mp L=l sineg ,

IE(eS)|2= IE/S)COSZq) 3 Iéj)l 2= I(-I-S)Sinz (] y

S
where 12) is the intensity of the scattered light polarized parallel
(s)

to the plane of observation and Il is the intensity of the scattered

light polarized perpendicular to the plane of observation.

For a practical experiment to be described later, it is convenient
to use the new coordinate system shown in Fig. 4.2, where
the origin is also set at the center of the sphere, z-direction is
chosen to the direction of the incident light propagation, and the

scattered light is observed at the distance r from the direction on
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the y-z plane with the angle g from the z-direction.

Along the experiment, we consider two cases of polarizations of
incident light and detected light. The first case is such that the
incident light is polarized to the 'y-direction and the polarization of
detected light is onthe y-zplane. In this case the incident and detected
light intensities are defined as I; and 5 . The second case is such
that the incident light is polarized to the x-direction and the detected
light has the same polarization. In this case we write Ii and I as
the incident and detected light intensities.

In thé later coordinate system, the detected light intensities

I// and IJ. are given by I/js)cosch with ¢ =0° and I(_Ls)sin2 ¢ with ¢ =90°,

(s) (s)

respectively. We rewrite I /I and I 1 as I// and I E which are

functions of A, g, and 6.

@ (1).
Iy(x, g;8) = ) (—L)J'(eBlPl (cosg) sing :
Vi A (1)
P, (cos® ) ,2
_mB ._é—_._) IO
4 sin © //’
)\2 © Le P(i)(cose ) r (4.7)

I,(x, a;e)= I (=)("B
1 4'"2r‘2 d=1 4 sin 6

—mli Pil)(‘cose) sine)yzli .

?

where I0 and I(l represent the incident light intensities.

/4
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Fig. 4.3 Intensities I//( X, @) 6) and I.l.( 2 ai0) as functions of

particle radius ¢ in the case that ) =642.5 nm, g=85° , and j;=1.48.
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v, 2. 2 Light Scattering from Particles with a Size Distribution
and Requirements from Experiment

We consider here the light scattering by the ensemble of spherical
particles with different radii. When the incident light is scattered
by a large number of particles moving at random at different
positions, the interference among the light waves scattered by particles
must be smeared out,and hence the detected light intensity is approxi-
mately given by the sum of intensities of light scattered by particles.
When we observe the scattered light with wavelength X from the direction
of angle 6, the light intensities for the two cases of the polarization

described in IW.2.1 can be expressed as

(250 )= ¥ (a) I,(}, @;9) da,

(4.8)
I, (29)= [¥a) 1 (%, &0) da,

where ¥(g) is the size distribution of particles to be measured, and
%”(x, a;e6) and ;L(A, a;0) are those given by Eq. (4.7).
Figure 4.3 shows I”(A, a; ) and Il(x, a;9) as functions of ¢ in the
case that ) =642.5 nm, g =85°, and ﬁx=1.48. In our experiment to
be described in V.3, we have observed the light scattered to the
y-direction, i.e. 6 =90°,

Expressions (4.7) are for an ideal case that the monochromatic

light is observed from the direction defined strictly. However, in
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the practical experiment, one may observe the light scattered by the
ensemble of particles through a solid angle and the light to be detected
has a spectral width. So, we have to average Eq. (4.7) over the
sight of angle A6 centered at 8 and over the spectral width aA)x centered
at A, and then insert them into Eq. (4.8) as %U(x, a 6) and ;l(x, a8).
It must generally be necessary to average over the sight of angle ag¢
centered at ¢. HoWever, in the practical case, we observe I”==éfgos b,
where the sight of angle A¢ is centered at 0°, and Il==1$21n2¢,where the
sight of angle 4¢ is centered at 90°, as described in1V.2.1. This means
that Iy (or Il) is a slowly varying function of ¢, and the averaging
with respect to ¢ may be unnecessary in the case of small sight of
angle 4¢,

In our experiment, the both angles of sight A8 and A4¢ were 16°, and
the spectral width AX of the detected light, which was determined by
the resolving power of the monochromator, was about 2 nm. This
value of AXx is much smaller than the spread of the size distribution
of CsH particles to be measured, so that the effect of the spectral width
can be considered not to give a significant difference from the case
of monochromatic light. This was, in fact, verified in the experiment
using some different values of aj . Thus, in our practical analysis
of experimental data, we have used %V(A, a; 90°) and {L(X, a 90°) which
were averéged only over 6.

The important quantity in the data analysis is the refractive

index of CsH particles, but the value has not been known as far as we
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aware. So, we used the value ﬁ==1.48, which was estimated from the
refractive indices of crystals of NaH (n=1.470) and KH (n=1.453).
It is, however, apparent from Eq. (4.3) that this uncertainty of n does
not give a significant error in determination of the size distribution.
We have assumed that n is constant over the wavelengths of the detected
light (which are in the visible region).

In the present work, the integration with respect to the particle
radius @ in Eq. (4.8) is carried out from zero to 1 um, because the size
of the largest particles has been measured to be about 1 pm

from the falling velocity.

V. 2. 3 Test Functions Used to Determine the Size Distribution

If we can observe the light scattering from the laser snow for
wide wavelength range, it must be possible to determine precisely the
size distribution Y¥(a@) from the measured intensities %/(l) and Il(k)
by using Eq. (4.8). But, in the present experiment, the light
scattering has been observed for only several wavelengths in visible
region, so that we have to make a relatively crude approximation.
To obtain the approximate size distribution, we have used several test
functions for ¥(a), each having three unknown parameters. We have
inserted these test functions into Eq. (4.8) and calculated numerically

%V(A ;90°) and Il(A;90°) while changing the values of parameters.
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By comparing these with experimentally obtained wavelength- and
polarization-dependences, we could determine the best-fitted test
function and its parameters, at each moment after the beginning of
laser-irradiation, i.e. after the beginning of production of CsH
molecules.

The test functions used in the present work are the Gauss,
Stevenson, and Junge distribution functions,which are known to give
approximate size distributions of particles produced in the natural
world.

The Gauss distribution function is defined by

((Z—p)2
), (4.9)

v .(a) =A_ exp(
G G
242

where AG is a positive constant, p is a mean radius, and ¢ is a standard
deviation. The Gauss distribution is known to give the approximate
size distribution of raindropsfs)
The Stevenson distribution function is defined by
=G 3

2 )7 ), aza,

¥ (a) =As(a—a0) exp (-
(4.10)

‘PS (a) =0, a<a0,

where A

S is a positive constant and aO is the radius of the smallest

particles. The value s determines the modal radius ¢ , the full-
m

width at half-maximum w, and the "half-spread" (, _ao) through relations
m
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w=0.9015 g,

(4.11)
1
-4
a -a, =3 .
121) X . . . - :
Stevenson et al. used this distribution function as an approximate
representation of size distribution of emulsions.
The Junge distribution function is defined by
vy (a) =A a-p a>a
J J ’ 24
(4.12)
¥, (a) =0, a<a,
Cc
where AJ and p are positive values. Junge et a,L.ZI) found that this

exponential distribution function gives well the size distribution of
stratospheric aerosol particles in the size range of 0.1 ymto 1 pym in
radius. The value p for stratospheric aerosol is about three. Accord-
ing to their definition, the Junge distribution function becomes infinite

as the radius tends to zero. This is not natural, so that we have

introduced a cut-off radius a, as in Eq. (4.12).

v. 2. 4 Determination of the Best Test Function and Its Parameters
To estimate the deviation between I//(A) and Il(x) obtained

experimentally and those calculated theoretically for a test function
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with given values of its parameters, we introduce the mean-square

deviation E defined as

Obs. Theor.
I, (A)—Ik (2) )
E= ] ( o ), (4.13)
ALk I ()

k

Obs.
where Iks (1) is the observed intensity of the scattered light at

Theor.

K () is the theoretically calculated intensity, and

wavelength ), I

k represents a set of polarizations of incident light and detected

light, i.e. Ik==I” or II' The summation is made over the observed
R . T . .
wavelengths and the set of polarizations. The intensity I;workx) is

calculated by substituting a test function ¥(a) with given values of
parameters into Eq. (4.8). By finding the test function and its
values of parameters, giving the minimum value of E, we can determine
the best-fit size distribution.

When the experimental error is not very small, there is ambiguity
in determination of the best-fit size distribution and its parameters.
This is mainly due to the fact that the light scattering is observed
at the wavelengths in the visible region, so that the particles much
smaller than the wavelengths do not contribute significantly to the
observed light intensity. With respect to the present experiment,
we consider that the size distribution determined as described above
may approximate well the real size distribution in the range of radius
a between 0.1 - 1 um, but it is quite ambiguous for particles smaller

than 0.1 um.
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V. 3 Experiments and Analyses

V. 3.1 Experimental Method
The experimental setup is shown in Fig. 4.4. We used the
Cs cell "C-2", which was described in III.3. The cell was made of

alkali-resistant aluminosilicate glass and baked at 650°C in a vacuﬁm
of 10_6 Torr before filling Cs metal, 4 Torr of H,, and 550 Torr of He.

The cell was placed inside an transparent glass oven, and the cell
temperature was kept within ¥1°C at 330°C or 300°C in the present
experiment. These temperatures give the Cs vapor densities 8x 1016
or 4x 1016 cm_s, respectively. In the experiment, a particular
attention was paid on the temperature distribution within the cell to
avoid the convection.

The art laser beam at 457.9 nm was applied to the cell. This
laser line excites Cs(6S) to Cs(7P) through the wing of the pressure
broadened absorption line under the relatively high pressure of He.
The laser power was set at 50 mW or 100 mW in the present experiment.

The light source used in the measurement of the size distribution
of laser snow was a halogen lamp. We will call the light from the
lamp "white light" although it has a relatively large wavelength
dependence even in a visible region. The white light beam was
applied to the cell from the opposite direction to the laser beam, and

we adjusted optics so that these beams overlapped to each other.

The white light beam diameter at the cell was set about 10 mm and the

laser beam diameter was set 0.2 mm or 2 mm so that the laser beam was
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Fig. 4.4 Experimental setup. The Cs cell is made of alkali-

resistant aluminosilicate (Corning 1720) glass and filled with a

small amount of Cs metal, 4 Torr of H,, and 550 Torr of He.
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placed within the white light beam. The white light beam diameter
at the cell was also set about 5 mm when the laser beam diameter was
set 5 mm or 15 mm, in order to place the white light beam within the

laser beam.

The light scattered by the laser snow was observed by the following
observation system. The light scattered to the direction perpen-
dicular to the light beam was collected by lenses and detected by a
photomultiplier through a monochromator in order to select the wave-
length to be observed. The resolving power of the monochromator or
the spectral width of the detected lighf was about 2 nm. In order
to improve signal-noise ratio, we chopped the incident white light by
a mechanical chopper and the output of the photomultiplier was applied
to a lock-in amplifier tuned at the chopping frequency. The time
constant of the lock-in amplifier was set 0.3 sec throughout the present
experiment. The incident white light and scattered light were

linearly polarized in order to detect I,(A) or I, (}).
4 1

When the Ar' laser beam was applied to the cell, we could observe
the production of particles, by eyes, within few seconds. The
temporal change of the intensity of the white light scattered by the
laser snow was recorded on a chart recorder, just after the beginning
of the irradiation of the laser beam, i.e. after the beginning of produc-

tion of CsH molecules. After taking the recorder trace for a particular

wavelength and for a particular set of polarizations, we shut the laser
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beam off until particles disappeared completely. Then, we repeated
the same procedure as above for the different wavelength and/or for
the different set of polarizations. In this way, we could measure
the temporal changes of the scattered light intensities %U(A) and Il(x)
for five wavelengths in the range 440 - 710 nm.

The size distribution at a given time T after the beginning of the
laser—irradiation can be calculated through Egs. (4.8) and (4.13) from
the scattered light intensities %”(A) and Il(k) at T for several
wavelengths. However, in the present case, these intensities were
measured by repeating the procedure described above, and hence relatively
high reproducibility was required in production of particles. So, we
paid a particular attention to keep constant the conditions such as
the cell temperature and the intensities of the laser light during the

experiment.

. 3. 2 Experimental Results and Analyses

The photograph of the CsH laser snow irradiated by the white
light is shown in Fig. 3.20. In Fig. 3.20, we can see not only
the stripes of the scattered light intensity but also the changes of
color or wavelength. This indicates clearly that there are not only
spatial distributions of the particle density but also of the particle

size. Therefore we must restrict our observation region so as not
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to observe the size distribution averaged in spatial distribution.
However, in the early stage of particle formation, we observe that there
are no changes of color in whole space. This indicates the fact that
there is no spatial distribution of particle size, and hence the
following analyses are particularly useful in the early stage of
particle formation.

We used seven different experimental conditions which are listed in
Table 4.1. The experiments J1, J2, J3, and J4 are a series of experi-
ments which were performed within 24 hours. The experiments J5, J6, and
J7 are another series of experiments which were made on another day.

But we discuss mainly five experiments Ji, J2, J3, J4, and J6, because
the series of experiments J5, J6, and J7 showed about the same results.

We first describe on the result of J6 (The Ar" laser beam is set 50
mW in power and 5 mm in diameter, the white light beam is set 5 mm in
diameter, and the cell temperature is set 330°C.). Next we show the
results of J1 - J4 and discuss the effects of the experimental condi-
tions, such as the laser power density and temperature.

The obtained scattered light intensities at the experiment J6 are
shown in Fig. 4.5 (a) and (b) as a function of time after the beginning
of the laser-irradiation. Figure 4.5 (a) and (b) show respecti&ely
the scattered light intensities ;”(x) and Il(x) at the wavelengths:

440 nm, 507.5 nm, 575 nm, 642.5 nm, and 710 nm. Hereafter, let us
write T as the time after the beginning of the laser-irradiation.

General feature of the change of scattered light intensity seen in.
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Table 4.1 Experimental conditions for measurement of size distribution,
The experiments J1, J2, J3, and J4 are a series of experiments which
were performed within 24 hours. The experiments J5, J6, and J7

are another series of experiments which were performed on another day.

Experiment No. J1 J2 J3 Ja J5 J6 J7

Ar+ laser beam
Power (mW) 50 50 100 50 50 50 100
Diameter (mm) 2 0.2 2 2 15 5 15

White light beam
Diameter (mm) 10 10 10 10 5 5 5

Temperature (°C) 330 330 330 300 330 330 330
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Fig. 4.5 (a) Recorder traces showing the changes of the scattered
light intensities I” at five wavelengths, obtained in the experiment
J6 (the Ar+ laser: 50 mW and 5 mm i.d.; the white light: 5 mm i.d.;

the cell temperature: 330°C). (b) The same as in (a), but for Il.
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Fig. 4.6 Normalized scattered light intensities (a) %U(x)/Q;(A)
and (b) Il(x)/Iz(k), as functions of wavelength A. The time T
after the beginning of the laser-irradiation is changed as a
parameter. . This figure shows the result of the experiment J6
(the Ar+ laser: 50 mW and 5 mm i.d.; the white light: 5 mm i.d.; the

cell temperature: 330°C).
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Fig. 4.5 (a) and (b) is such that, with the increase of T from zero, it
increases rapidly and shows a peak, and then it decreases accompanied
with an oscillation. Quantitative discussions on this oscillation
have been given by Tam et aL?) This oscillation may be explained by
the following cyclic processes: (1) the increase of CsH density until it
arrives at the critical value for condensation, (2) the production anq
growth of particles accompanied with the decrease of CsH density, (3)

the falling down of large particles through gravity, and then going

back to the process (1). Looking at Fig. 4.5 (a) and (b),

we see that the time arriving at the first peak is delayed when the
wavelength is increased, or when the polarization is switched from

Il to %U for the same wavelength. These facts indicate apparently
the increase of either or both of number density and size of particles
with time T. Since the light source of the '"white light", the
photomultiplier, and other optical elements used in this experiment

have the wavelength- and polarization-dependences. The results shown
in Fig. 4.5 include these dependences of the optical system used. To
eliminate these, we measured at first the wavelength- and polarization-
dependences, Ig(x) with k=// or |, of the total optical system, by
replacing the cell by a small mirror. Then, we normalized the

detected light intensities I, (1) by IE(A) to obtain the net wavelength-

and polarization-dependences of the light scattered by particles.

Obs.

The normalized light intensities Ik

(x) =Ik ()\)/Iﬁ () as functions of A

are shown in Fig. 4.6 (a) and (b), where time T is varied as a parameter.
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Table 4.2 The minimum values E of each test function and

parameters.

Gauss distribution

Stevenson distribution

their best values of

Junge distribution

T(sec) E w(um) o(um)  Ag E ag(mm) s(um)  Ag E p a.(um) A,
3 0.8484 -0.07 0.05 2.60E5| 1.7469 -0.10 0.12 2.03E6| 0.8790 6.6 0.016 2.82E-4
6 0.3212 0.02 0.05 9.12E3} 0.3599 -0.08 0.14 5.28E5 0.3887 7.8 0.096 3.23E-4
9 0.2031 0.13 0.03 9.74E2| 0.1270 0.01 0.12 1.29E5| 0.2198 7.8 0.120 1.13E-3

12 0.0818 0.13 0.04 9.14E2| 0.1410 0.09 0.08 1.18E5| 0.1106 7.8 0.136 2.09E-3
15 0.1507 0.15 0.04 5.11E2| 0.1678 0.08 0.10 5.50E4| 0.1341 7.8 0.152 2.80E-3
18 0.0714 0.16 0.05 3.02E2 0.0736 0.08 0.12 2.41E4| 0.0815 6.2 0.152 3.13E-2
21 0.1577 0.16 0.05 2.57E2| 0.1471 0.06 0.14 1.59E4| 0.1045 5.2 0.144 1.11E-1
24 0.1745 0.20 0.04 1.71E2| 0.1420 0.13 0.10 1.89E4| 0.1121 3.4 0.136 1.09E O
27 0.0692 0.03 0.17 1.56E2| 0.0767 -0.09 0.34 1.47E3| 0.2060 3.0 0.112 1.35E O
30 0.2278 -0.10 0.32 6.59E1| 0.3217 -0.08 0.54 1.47E2| 0.1034 3.0 0.144 1.59E O
33 0.0924 -0.04 0.20 1.61E2| 0.1261 -0.10 0.34 1.36E3 0.1393 4.6 0.168 2.41E-1
36 0.2459 -0.09 0.26 1.09E2| 0.3353 -0.10 0.46 3.08E2 0.1134 3.4 0.144 9.76E-1
39 0.2911 0.20 0.04 1.45E2| 0.3192 0.11 0.12 1.12E4 0.1134 2.6 0.096 2.07c ©C
42 0.0384 -0.09 0.21 £.13Ll, $.5737 -0.10 0.36 9.94E2 0.1727 2.8 0.088 1.38E ©C
45 0.1791 -0.10 0.29 9.04E1{ 0.2557 -0.10 0.50 2.30E2| 0.0838 3.2 0.152 1.35E O




By using these normalized scattered light intensities as Igb&(X)

in Eq. (4.13), we determined the best values of the parameters of each
test function by the method mentioned in IV.Z2. The minimum values
of function E at each test function at time after the beginning of the
laser—-irradiation are shown with the values of parameters in Table 4.2.
Next, we determine approximate size distribution functions by selecting
the best test functions having the minimum value of function E
at each moment T after the beginning of the laser-irradiation.
Since the absolute values of scattered light intensities were not
measured, we could not get the informations on the absolute size
distribution, i.e. the abéolute number density as a function of particle
radius a.

Figure 4.7 shows the obtained temporal changes of the relative
size distribution for the time T from 3 sec to 27 sec. As described
already, the size distribution for the radius less than 0.1 um is
ambiguous because of the wavelengths of the light detected, and so we
have not shown it in Fig. 4.7. For time T longer than about 20 sec,
the oscillation in production of particles took place as seen in
Fig. 4.5, but the reproducibility of the phase of oscillation was rather
poor. So the error is considered to be relatively large for T> 20 sec.
This is mainly due to the variation of the temperature of the cell ~1°C
and thét of laser power ~3 % during the experiment. As seen in
" Fig. 4.7, the size distribution for small T has a sharp peak at the

small radius. With the increasing time T, the size distribution
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Fig. 4.7 Temporal changes of the size distribution, for the
time T from 3 sec to 27 sec, obtained in the experiment J6 (the
Ar+ laser: 50 mW and 5 mm i.d.; the white light: 5 mm i.d.; the

cell temperature: 330°C).
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spreads toward the larger radius accompanied with decrease of the peak
value. For T <12 sec, the best-fit test functions are those having
peaks, namely the Gauss and Stevenson distribution functions. When

time T exceeds about 20 sec, it turns mostly to the Junge distribution
function. Although the determinations of parameters are considered
to have relatively large error for T > 25 sec, for which we have not
shown the result in Fig. 4.7, the best-fit functions were mainly the
Junge distribution functions.

We calculated the number density N (arb. unit), the total radius ¢
(arb. unit), the total volume V  (arb. unit), the mean radius @ ( um),

t

and the mean volume V (;m?), defined as

N=fv¥(a)da, (4.14)
a = [a¥(a) da, (4.15)
V.= /d ¥(a) da, (4.16)
Ez:%[aw(a) da, (4.17)
V:%ja%(a) da. (4.18)

In the practical calculations, the integrations with respect to the
radius @ in Egs. (4.14) - (4.18) were carried out from 0.1 ym to 1 ym.
The obtained values of N, at, Vt’ a, and V as functions of T are shown

in Fig. 4.8 (a). From Fig. 4.8 (a), we see that the number density N
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Fig. 4.8 (a) The temporal changes of the number density N (arb.

unit), the total radius at(arb. unit), the total volume Vt (arb.

unit), the mean radius a (ym), and the mean volume-v.(ums), obtained

in the experiment J6 (the Ar+ laser: 50 mW and 5 mm i.d.; the white

light: 5 mm i.d.; the cell temperature: 33050). The symbols G, S,

and J indicate the best fit-test functions: G-Gauss, S-Stevenson,

and J-Junge distribution functions.
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Fig. 4.8 (b) The number densities in the size range of 0.1 um

to 1 um (A), 0.15 pm to 1 um (B), and 0.2 um to 1 pum (C) for the
experiment J6 (the art laser: 50 mW and 5 mm i.d.; the white

light: 5 mm i.d.; the cell temperature: 330°C),.
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and the total radius a, increase with T until T =9 sec and then they

t
decrease, and that the total volume Vt increases with T until T ~12 sec
and decreases until 21 sec and then oscillates. On the other hand,

the mean radius @ and volume V increase with T until T ~15 sec and then
begin to oscillate. Generally the particle growth can be considered

to be due to either or both of following two processes; the condensation

by adsorbing molecules on the surface of particles, and the coalescence

by sticking of particles. The values N and a, decrease and Vt is
constant when particles grow only by coalescence. The values N, a,
and V, increase when particles grow only by condensation. Therefore

except for disappearing of particles from the observation region by
falling through gravity and dissociation of particles, etc., V, does

not decrease at any time. The mean values @ and V decrease only when
the large particles disappear from the observation region or when the
small particles are newly produced in the observation region.

When we apply the above mentioned consideration to Fig. 4.8 (a),
we can see that the particles grow mainly by condensation within 9 sec
but the particles grow mainly by coalescence of small particles after
9 sec to about 24 sec and that the effect of falling of particles
through gravity begins to appear after 12 sec. This is also seen
in Fig. 4.8 (b), where the number densities in the size range of
0.1 ym to 1 ym (A), 0.15 ym to 1 ym (B), and 0.2 ym to 1 ym (C) are
shown. From the difference between A and B in Fig. 4.8 (b), we can

see the change of small particle density in the size range of 0.1 um to
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0.15 um radius and from the difference between B and C, we can see the
change of the particle density in the size range of 0.15 ym to 0.2 pm.
The characters G, S, and J, which are shown in the upper part of

Fig. 4.8, indicate the best-fit functions among the Gauss, Stevenson,

and Junge distribution functions.

The obtained scattered light intensities at the experiments J1,
J2, J3, and J4 are shown in Figs. 4,9 - 4.12, These figures show
the scattered light intensities ;”(A) and Il(k) as functions of time T.
The peaks of the scattered light intensities at five different wave-
lengths appear at about the same time in Figs. 4.9 - 4.12. This
effect is considered to be resulted from the falling away of produced

particles from the observed region almost the same time, because the

Af+ laser beam is placed within the white light beam. On the
other hand, as described already, the appearance of the peaks of

the scattered light intensities is delayed for the longer wavelengths
in the experiment J6 (See Fig. 4.5). This is considered to be
resulted from the particle growth. Since the Ar® laser beam is
larger than the white light beam in diameter in this case, the effect
of the falling away of particles from the observed region is somewhat
lessened by the falling into of particles from above, and hence the
effect of particle growth becomes to appear more clearly in the
experiment J6. This is also seen at the experiment J5 (Fig. 4.13)

and J7 (Fig. 4.14).
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Fig. 4.9 (a) Recorder traces showing the changes of the scattered

light intensities I, at five wavelengths, obtained in the experiment

I
J1 (the Ar' laser: 50 mW and 2 mm i.d.; the white light: 10 mm i.d.;

the cell temperature: 330°C). (b) The same as in (a), but for ;l'
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Fig. 4.10 (a) Recorder traces showing the changes of the scattered
light intensities ;” at five wavelengths, obtained in the experiment
J2 (the Ar+'laser: 50 mW and 0.2 mm i.d.; the white light: 10 mm i.d.;

the cell temperature: 330°C). (b) The same as in (a), but for Il'
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Fig. 4.11 (a) Recorder traces showing the changes of the scattered
light intensities ;” at five wavelengths, obtained in the experiment
J3 (the Ar+ laser: 100 mW and 2 mm i.d.; the white light: 10 mm i.d.;

the cell temperature: 330°C). {b) The same as in (a), but for Il.
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Fig. 4.12 (a) Recorder traces showing the changes of the scattered
light intensities I” at five wavelengths, obtained in the experiment
J4 (the Ar* laser: 50 mW and 2 mm i.d.; the white light: 10 mm i.d.;

the cell temperature: 300°C). (b) The same as in (a), but for Il.
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Fig. 4.13 (a) Recorder traces showing the changes of the scattered
light intensities I” at five wavelengths, obtained in the experiment
J5 (the Ar+ laser: 50 mW and 15 mm i.d.; the white light: 5 mm i.d.;

the cell temperature: 330°C). (b) The same as in (a), but for Il'
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Fig. 4.14 (a) Recorder traces showing the changes of the scattered
light intensities I” at five wavelengths, obtained in the experiment

J7 (the Ar" laser: 100 mW and 15 mm i.d.; the white light: 5 mm i.d.;

the cell temperature: 330°C). (b) The same as in (a), but for I|.
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Fig. 4.15 Temporal changes of the size distribution, for the time T
from 3 sec to 18 sec, obtained in the experiment J1 (the Ar+ laser:
50 mW and 2 mm i.d.; the white light: 10 mm i.d.; the cell tempera-

ture: 330°C).
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Fig. 4.16 Temporal changes of the size distribution, for the time T
from 3 sec to 18 sec, obtained in the experiment J2 (the Ar* laser:

50 mW and 0.2 mm i.d.; the white light: 10 mm i.d.; the cell tempera-

ture: 330°).
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Fig. 4.17 Temporal changes of the size distribution, for the time T
from 3 sec to 18 sec, obtained in the experiment J3 (the Ar+ laser:
100 mW and 2 mm i.d.; the white light: 10 mm i.d.; the cell tempera-

ture: 330°C).
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Fig. 4.18 Temporal changes of the size distribution, for the time T
+

from 3 sec to 18 sec, obtained in the experiment J4 (the Ar laser:

S0 mW and 2 mm i.d.; the white light: 10 mm i.d.; the cell tempera-

ture: 300 c).
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By using the normalized scattered.light intensities obtained in a-
series of experiments of J1 - J4 as I%m'(k) in Eq. (4.13), we deter-
mined also the best-fit functions and its parameters. Thus
approximated size distribution functions, namely number density (arb.
unit) vs. radius (um), at time after the beginning of the laser-
irradiation are shown in Figs. 4.15 - 4.18.

We can also discuss the growth mechanisms from the calculated
values of N, Cﬁ, Vt’ a, and V, which are shown in Figs. 4.19 - 4.22
(a) for J1 - J4, respectively. Figures 4.19 - 4.22 (b) show the
number densities in the size range of 0.1 ym to 1 ym (A), 0.15 ym to
1ym (B), and 0.2 ym to 1 ym (C) for J1 - J4, respectively. From
these figures, we can see that only the small particles are produced
within 3 sec and that these small particles grow mainly by condensa-
tion in this early stage. But both the growth rate énd mechanisms
are different in each experiment after 3 sec as described below.

From the result of J1 shown in Fig. 4.19, we can see the facts as
follows: |
1) Within 9 sec, particles grow by both the condensation and coales-
cence, because all quantities in Fig. 4.19 (a) increase with T, and
both small and large particle densities increase.

2) From 9 sec to 12 sec, it is considered that particles grow mainly
by coalescence, because only the value N and sméll particle density
decrease,

3) After 12 sec, the values of N, a,, and Vt’ and particle densities

t’
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in all particle sizes decrease, probably because of the falling away
of particles.

From the result of J2 shown in Fig. 4.20, we can see the facts as
follows:
1) Because the values of N, a, and Vt increase and small particle
density increase faster than larger one within 9 sec, particles grow
mainly by condensation.
2) Because the laser power density is larger than that in J1, small
particles are usually produced and so ¢ and V are smaller than in JI.

From the result of J3 shown in Fig. 4.21, we can see the facts as
follows:
1) Within 9 sec, because both the laser power and its density are
larger than those in J1, particles are produced more quickly than in
the case of J1, so that there exist more small particles. This
makes a and V smaller than those in J1 but, of course, makes N, ay,
and Vi larger.
2) After 9 sec, because of the falling away of particles, the values
of N, a, and V, and particle densities in all particle sizes
decrease.

Form the result of J4 shown in Fig. 4.22, we can see the facts as
follows:
1) Because the temperature of this experiment is 30°C lower than the
other experiments, the particle production is slower than that in the

other cases.
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Fig. 4.20 The same as in Fig. 4.19, but for the experiment J2 (the

Ar” laser: 50 mW and 0.2 mm i.d.; the white light: 10 mm i.d.; the

cell temperature: 330°C).
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Fig. 4.21 The same as in Fig. 4.19, but for the experiment J3 (the

Art laser: 100 mW and 2 mm i.d.; the white light: 10 mm i.d.; the

cell temperature: 330°C).
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Fig. 4.22 The same as in Fig. 4.19, but for the experiment J4 (the

Ar+ laser: 50 mW and 2 mm i.d.; the white light: 10 mm i.d.; the cell

temperature: 300°C).
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2) Once the particles are produced, quantities N, Qy and Vt increase
monotonously. This indicates that particles are growing mainly by
condensation and that particles are also produced successively.

3) The slight decrease of @ and V from 3 sec to 6 sec are presumably
resulted from the remained particles of the previous experiment. This
is because the decomposition rate of particles is slower at 300°C than
at 330 °C and then, on repeating a series of experiments of observing
wavelength- and polarization-dependences, we can not remove the produced
particles in the previous experiment completely. But, at 3 sec, the
produced and remained particles are not so many that only the weak
scattered light can be detected. When the detected light itself is
weak, our analysis is much influenced by experimental errors such as

a reading error, a temperature deviation, and a laser power deviation.

This error may cause the decreases of g and V from 3 sec to 6 sec.

. 4 Summary and Conclusions

In this chapter, we have described the first measurement of the
size distribution of laser-produced CsH particles. The measurement
is based on the wavelength- and polarization-dependences of light
scattering by the produced particles. The results show that, just
after the beginning of the production of CsH molecules by laser-
irradiation, the size distribution is very narrow and has a maximum at

the small particle radius, and the shape of distribution is well
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expressed by the Gauss or Stevenson distribution function. As the
time elapses, the size distribution spreads toward the larger radius
with the decrease of peak value, and the shape of the distribution
turns to the Junge distribution function Aua“p with the value of p
ranging between 2 and 4. It must be interesting to note that this
steady—state size distribution is close to the size distribution of
aerosol particles in the stratosphere. This is particularly seen
in the experiment J6, in which the diameter of the Ar+ laser.beam is
larger than that of the white light beam. But, in the experiments
J1 - J4, in which the diameter of the Ar+ laser beam is smaller than
that of the white light beam, we cannot observe well the steady-state
size distribution in particle growth because of the falling away of
particles from the laser beam.

From the obtained temporal changes of the size distribution, we
have calculated changes of the number density N, the total radius at'
the total volume Vi, the mean radius @, and the mean volume V of the
produced particles with the radius between 0.1 um and 1 pm.

In the experiment J6, we have found that particles grow mainly by
coalescence of small particles after 9 sec because g and V are growing
while N is decreasing. This seems to be contradictory to the experi-

)

mental result of Tam et al}, which shows that the laser-produced CsH

particles have large positive charges ( 5104 electron charges).

Since there exists strong repulsive force between charged particles,
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we do not believe that these particles coalesce with each other.

We think that this contradictory is due to the fact that the cell
temperature is different between the present experiment and the
experiment of Tam et al.}) although it is not explicitly noted in their
paper. At relatively low temperature, typically lower than 280°C,
the produced particles fall down through gravity without evaporation,
and we can see the white powder lying on the bottom of the cell through
a microscope. We found that the particles have a crystalline shape.
The CsH crystal is known to have a large emissivity of photoelectrons,
which may give a large amount of positive charges of produced particles
within the laser beam. On the other hand, at the relatively high
témperature, as in the present experiment, the produced particles are
expected to evaporate by emitting mainly hydrogen atoms or molecules,
and a small amount of cesium atoms. In fact at the temperature
~330°C, we could not see the white powder on the surface of the cell
even at the long time after the béginning of the laser-irradiation.
Unfortunately, we do‘not have the informations about the small particles
produced quickly soon after the laser-irradiation. But, even though
the small particles produced in the initial stage are crystals and have

large amount of charges, they must turn into Cs droplet by evaporation

at high temperature. Charge neutralization may be possible by emitting
Cs ions simultaneously with the emission of neutral atoms or molecules
Such Cs droplets are expected to grow py coalescence as seen in

the present experiment.
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We found also that particle production and growth are fast when
the laser power is large but the mean radius a and the mean volume V
are not always larger than the lower power experiment case. This is
considered to depend whether or not the density of CsH molecules in the
laser beam keeps its supersaturation ratio which is needed for nucleation
of small particles. If the density of CsH molecules is lower than
the critical density for nucleation, it becomes impossible to produce
new particles. In the case of the experiment J3 (Ar+ laser
power = 100 mW ), the density of CsH molecules is higher than the
critical density, and so the nucleation is maiﬁtained. On the
contrary, in the case of the experiment Jl (Ar+ laser power =
50 mW ), the density of CsH molecules is lower than the critical
density, and so the condensation of molecules on the particles and the
coalescence of small particles occur, and then particles grow bigger
and bigger.

In our experiment at temperature 330°C, because the CsH particles
decompose quickly into Cs and K., the laser snow is expected to be
neutralized by releasing Csf, and this makes the further growth of
particles by coalescence possible. In fact, experimental results
show the particle growth by coalescence at this temperature. On
the other hand, we have known already that the particle growth by
condensation was main process at J4, which was the experiment at
300°C. This is explained that because less neutralization by

+
releasing Cs 1is expected at 300°C, the coalescence must be difficult
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under the strong electrostatic repulsive force between ionized particles.

Until the present work, there wereno reports in the precise measure-
ments of temporal changes of size distributions even for the production
of many other particles, although they are known to be important to
reveal the mechanisms of particle growth. In the present work, we
could measure the temporal changes of the size distribution of laser-
produced CsH particles with a relatively high accuracy, using the light
scattering method. The error in the present case is'mainly comes from
the experimental procedure that the changes of the light scattering is
measured by repeating the production of particles, under the assumbtion
of high reproducibility. So, it is desirable to obtain the informa-
tions without repeating the experiment. It must be noted that the
simultaneous measurements of the light scattering at two wavelengths and
at two orthogonal polarizations are enough to determine the best-fit
test function and its three unknown parameters.

We have used in the present work three simple test functions, each
having three parameters. But, there are, of course, many other test
functions to be considered. The modified gamma functionlg’zon&dzs)
( ‘Pg(a) =A apexp(—B a), where A, B, p, and q are positive constants) may
be particularly important because it is known to approximate the éize
distribution of many natural particles, especially the cloud particles

in the atmosphere}g'zm
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CHAPTER V

CONCLUDING REMARKS

The invention of lasers, especially tunable lasers, have brought new
possibilities of controlling chemical reactions and obtaining much
knowledge about chemical reactions. The laser-production of particles
is an example of laser use in chemistry. The chemical reactions and
productions of particles by laser light have many advantages compared
with those by ordinary light from a lamp; Important advantages are
such that, i) light intensity is high, so that the rate of chemical
reaction is very large and can easily be controlled, ii) state-selective
and isotope-selective chemical reactions can be induced because of the
sharp spectrum of laser radiation. The advantage i) may lead to the
production of high densities of molecules and particles that cannot
easily be produced by ordinary photochemical reactions induced by ordinary
light. Because of the advantages ii), we can use laser light in
precise studies of elementary processes of photochemical reactions, and
in practical applications such as isotope separation.

In fhis thesis, we have reported on the laser-production of alkali
hydride particles, giving particular attentions to (1) the fundamental

processes of photochemical reactions to produce alkali hydride molecules,
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(2) the first production of NaH particles, (3) the first measurement
of size distribution of laser-produced particles and its temporal
changes.

With respect to the chemical reactions of the alkali atoms in the
excited states with hydrogen molecules to produce alkali hydride

1)

molecules, two possible processes were proposed by Tam et al. and

Sayer et ai.lo)

as described in chapter III. One is the direct
reaction of the alkali atoms in the excited states with hydrogen
molecules to produce alkali hydrides, and the other is the indirect reaction
where energies of the excited state alkali atoms are transferred to the
vibrational energies of hydrogen molecules by collisions, and the
hydrogen molecules in the vibronic excited states react with the ground
state alkali atoms. From the experimental results in the present
work, we consider that both processes take place simultaneously more or
iess in the case of CsH, but we could not clearly determine which process
is predominant. In the sodium vapor with hydrogen gas, we have found
that NaH molecules are produced when sodium atoms are excited to the 3P
states and also when sodium molecules are excited to the B‘Hllstate.

As described in HOI. 4, the 3P states have not , however, energies enough
to produce directly NaH molecules. So, we have proposed possible
processes to produce NaH moleéules; (a) collisions between two 3P state
atoms excite one of those atoms to highly excited'states, which react

with H, molecules, and (b) the energies of the 3P state Na atoms are used

to excite H, molecules to the high vibrational states, which react with
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the 3P state Na atoms and produce NaH molecules. As to the production
of NaH by the excitation of Na, molecules, we have proposed the process

that Na, molecules in the excited state B!Nl react directly with H;

u

molecules in the ground electronic state.

With respec% to (2), we could observe first the production of NaH
particles by exciting Na atoms to the 3P states and by exciting Na,
molecules to the B‘Hu state as described above. We found also that
the produced NaH molecules and particles dissociate by the collisions
with Na atoms in the 3P states. It must be noted that such dissoci-
ation do take place only in the case of sodium, since the first excited
states of other alkali atoms have not energy to dissociate alkali hydride
molecules. Among the production of alkali hydride particles, we are
particularly interested in that of NaH particles, since relatively large
amount of sodium and hydrogen are known to exist in the upper atmosphere
of the earth and in the planetary atmosphere (for instance, Jupiter and
its satellite Io), under the relatively strong solar radiation suitable
to excite Na atoms.

As to (3), we could succeed the first measurement of the size
distribution of the laser-produced CsH particles and its temporal
changes after the beginning of the production of CsH molecules. Even
for the production of other particles, there had no reports on such a
precise measurement of temporal change of size distribution. By
calculating the changes of number density, total radius, total volume,

mean radius, and mean volume of the produced particles from the size
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distributions obtained, we could get the informations of the growth of
particles. In the relatively high temperature (T =330°C), we found
that the particles grow up by coalescence, i.e. by sticking of produced
particles to each other. In the relatively low temperature (T £300°C),
we considered that the pérticle growth is mainly by condensation, because
the number density of particles increase monotonously, and because the
particles falling down from the laser beam and lying on the bottom of the
cell were white crystalline particles.

It must be interesting to note a phenomenon observed when the laser
intensity is changed. In the case of low laser intensity, once
particles are produced, the number density of CsH molecules decreases
and it becomes low not enough to produce new particles. As the result,
the produced particles grow by collecting CsH molecules and by coales-
cence. But, in the case of very high laser intensity, even when the
particles are produced, the CsH density is still higher than the critical
value and new particles are successively produced. This results in
the observed phenomenon that the total radius and total volume are
increased with the increase of the laser intensity'but the mean radius
and mean volume are not always so.

In the present work, the temporal changes of size distribution have
been measured by observing the scattered light intensities at five wave-
lengths and for two orthogonal polarizations, asvrepeating ten times the
same procedures. S0, the error of the measurement of the size distri-

bution has been determined mainly by the reproducibility of production of
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particles. When we use test'functions with three unknown parameters

to represent the shape of the size distribution, it is enough to

determine the parameters by measuring the light scattering at two

wavelengths and for two orthogonal polarizations. Such measurements can
’be done simultaneously without repeating the production of particles, so

that more accurate informations about temporal changes in size distri-

bution may be obtained.

In the present work, we have used three simple test functions to
represent the shape of size distribution. But, there are many other
test functions to be considered. One of the most important test
functions might be the modified gamma function, which is known to approx-
imate well the size distribution of cloud particleslg'ﬂnand we are now

H

introducing it in our calculation.
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