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ABSTRACT

　　　　This　thesisdeals with studies on the　laser-production of alkali

hydride particles, which can be observed when alkali　atoms or molecules

are　excited in hydrogen gas.　　　　Theseparticles　are called　”laser snow",

because七hey are white crys七als when the gas　七emperature　is relatively

low and fall　down from　ａ　laser beam through　gravi七ｙ｡

　　　　　The　laser-produc七ionof such ｐａｒ七icleswas firs七〇bserved by

Tarn　ｅえal.　in1975 when cesiu‘ｍatoms mixed with hydrogen molecules are

excited by ａ laser beam.　　　We have　extended the work　in this　direction,

and　found firstly tha七七he alkali hydride particles are also produced

by exciting alkali molecules.　　　Some possible chemical reactions

have been proposed for 七he production of alkali hydride molecules,

from which the　larger particles are considered 七〇be produced by

condensation in the initial　stage.　　　　The firs七measurements of the

size　distribu七ion of the particles have been made, without perturbing

the　produc七ion,by using light sea七七ering method, and the precise

七emporal　changes of the size distribution during the growth of particles

have been obtained.　　　Until　the presen七work, such measurements of

the　七emporal　changes had not been reported even for 七he production of

many other ｐａｒ七icles,al七hough they are known to be very　importan七七〇

reveal　the particle-growth.

－Ｖ－



　　　　　工ｎgeneral　laser radiation can　induce　selective photochemical

reactions which are applicable to the　ｉｓｏ七〇pe　separation,

microfabrication 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。

　　　　　Thefirs七half of this　thesis　is devoted to the studies of the

laser-produc七ion of alkali　hydride ｐａｒ七icles,giving ａ particular

ａ七七ention七〇the firs七〇bservation of sodium hydride particles which

are produced by exciting sodium ａ七〇ms　andalso 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 ａ七mosphere, relatively large amounts　of

sodium and hydrogen are known to exist　in the upper atmosphere of the

earth and the atmosphere ｏｆ工ｏ，七hesatellite of Jupiter, under the

rela七ively strong solar radiation suitable　to　excite sodium atoms。

　　　　　工ｎthe　case of sodium hydride, particle　formation is observed by

exciting sodium atoms　to　the　３Ｐstatesby ａdye laser beam 七uned to the

one of sodium Ｄ lines, and also by exciting sodium dimers (Na2 molecules)

ｔｏ七he B^n　state by　an Ar laser beam.　Since Na atoms　in the　３Ｐstates
　　　　　　　　　　ｕ

have not energies　enough七〇 produce directly NaH molecules, two

possible processes　to produce NaH molecules are proposed　in this　七hesis.

One is　ｔｈａ七七he　collisionsbetween two ３Ｐstate atoms　excite one　of

those　ａ七〇ms　tohighly excited states, which react with Ｈ２　molecules,

・
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and the other is ｔｈａ七the energies of the　３Ｐstates are used to excite

Ｈ２molecules　to　　　highly vibrational　ｓ七ates, which react then with

the ３Ｐｓｔａ七eNa a七〇ms and produce NaH molecules.　　　Both of these

processes　can explain the　experimen七al　ｆａｃ七七hat the　七hreshold laser

power for producing NaH ｐａｒ七icles　is　inversely proportional　to　the

density of Na atoms, in ｏ七her words, when　the　density of Na a七〇ms　in

七he ３Ｐｓｔａ七es　exceeds　ａ．critical value for the ｐａｒ七icle　formation,

NaH particles begin 七〇be produced.　　　工ｎ the case of the exci七ation

of Na,　molecules, it is　shown experimentally that the　threshold laser

power for production of NaH ｐａｒ七icles　is　inverselypropor七ional　to　the

densi七ｙ of Na, molecules. This means　七ｈａ七七hedensity of Naz in the

B'n　ｓｔａ七ｅ has ａ ｃｒｉ七ical value　for NaH particle　formation.
　　　Ｕ

From

this　fact, we　find the　importance of the reaction　of the excited

Na, molecules　in the B 'n sta七ｅwith Ｈ２　molecules　inproduc七ion of NaH

molecules which is　energetically possible.　　　The first experimental

evidence of the dissociation of the produced NaH ｐａｒ七iclesby the

collisions with Na atoms　in the　３Ｐｓｔａ七esare　also repor七ed here。

　　　　　工nthe first half of this　thesis, we describe also our experimen七ｓ

on　七heproduction of CsH molecules　and particles, under various

conditions of the　exciting laser beam and of gases.　　　　Wecould

ascertain tha七七he small ｐａｒ七icles　are　initiallyproduced by condensation

of CsH molecules, from the experimental　ｆａｃ七　七ｈａ七ａlarge amount of

these molecules are produced by 七he　laser beam.

・ Ｖ１１　－



　　　　　In　the　latterpart of this　thesis, we report on the first measure-

ment of the size distribution of the　laser-produced CsH particles, with

a particular ａ七七ｅｎ七iongiven to　ｉ七ｓ　temporal　changes.　　　　The measure-

ｍｅｎ七〇ｆthe size ｄｉｓ七ribution is made by using the wavelength- and

polarization-dependences　of the ligh七ｓｃａ七七ering by the　las er-p ro due e d

particles, and its　七emporal　changes　are measured.　　　In the calculation

of the　size　ｄｉｓ七ribu七ion,the Mie 七heory is used for the　light

ｓｃａ七七eringby each ｐａｒ七icle,‘by assuming that the　:Laser-produced

particles　are spherical.　　　To approximate　the shape of size distri-

ｂｕ七ion,七hedistribu七ion functions　of Gauss, Stevenson, and Junge are

used as　ｔｅｓ七functions,each having three parameters.　　　The best-fit

test func七ion and　itsparame七ers are　determined at each moment after the

beginning of the　laser-irradiation, by comparing theoretical　and

experimen七al　ｓｃａ七七eredlight intensities.　　　By using obtained size

distribu七ions,七he changes of number densi七y, mean radius, and mean

volume　are calculated, and then two growth mechanisms　of particles under

several　experimental　conditions are　shown.　　　One　is　the growth by

coalescence of ｐａｒ七ic:Ｌｅｓ。whichis　observed　in the relatively high

七emperature (T = 330°C), and the other is　the grow七ｈby condensa七ion

of moleculeＳ，ＶＩhichis　observed in the rela七ively low temperature

（Ｔ＝３０００Ｃ）ａｎｄin the high laser power densi七ｙcase.

●
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Fig.　3.18　　Ａ ｐｈｏ七〇graphof the　七ypical　CsH　laser snow

ヅ

The

experimen七al　conditions were T =261°C,入= 584.5 nm, and　laser

power was 70 mW. (See page 70. )
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Fig.　3.20　　Ａ ｐｈｏ七〇graph of七he ｗｈｉ七ｅ　ligh七　ｓｃａ七七eringby CsH　laser

snow produced by　the Ar laser 457.9　nm line.　　　The ｗｈｉ七eligh七

beam diame七er was　abou七10 mm　and　the Ar laser beam diame七er was

abou七　１５mm.

power was　２１０mW

The　cell　七empera七ure was　３３４°Ｃ　and　七heAr十 laser

工ｎ　七his　figure,　we　can　see ｂｏ七ｈ　七he　ｓ七ripes　of

七he　ｓｃａ七七ered　ligh七　in七ensi七ｙ　and　七he　changes　of color or waveleng七ｈ.

This　means　七ｈａ七　there　are　ｓpa七ial　diｓ七ribu七ions　ｏｆｂｏ七ｈ　七he ｐａｒ七icle

densi七ｙ and 七he ｐａｒ七icle size. (See pages ７５ and 134.)

-
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CHAPTER:|:

GENERAL ＩＮＴＲＯＤＵＣＴ工ON

　　　　　　　Introduction・

The　laser-production of alkali hydride particles was first

reported by Tam ａｔ　ａｌ．１）ｉｎ１９７５for CsH and RbH.　　　This　is an

example of laser-photochemis七ry (or simply laser-chemistry) and Is

considered to be applicable for an isotope separation and ａｓｙｓ七ematic

investigation of photochemistry, photonuclea七ion, and so on.

However, the size distribu七ion of laser-produced particles has not

been measured yet.　　　The measurements of size ｄｉｓ七ribution,especial-

１ｙits　temporal changes, are expected to give　important informations

abou七七he 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　investiga七ed by

observing the temporal changes　in their size distribution。

　　　　Since the　first report on the laser-production of alkali hydride

ｐａｒ七icles by Tarn e.亡（浸ｊ）ｔｈ。laser-production of CsH particles have

been discussed　in several repor七ｓ．２’５）　　　However,the laser-production

of NaH particles had not been discussed until　our study was repor七ed

in １９８０.6）Ｏｎｔｈｅother hand, there are also several reports on the

１－



laser-production　of　particles other than ａｌｋａｌｉｈｙｄｒｉｄｅ,７‾９）　onthe

laser-induced chemical reactions, ' and on the　light-induced particle

formation by ｕｓｉｎｇｃｏｎｖｅｎｔｉｏｎａｌｌｉｇｈｔ．１１‾１６）　　　Thephotochemical reac-

七ion and ｐｈｏ七〇nucleation processes of the　laser-production of alkali

hydride ｐａｒ七icles 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 inves七igated them by observing the

white ligh七ｓｃａ七七ering from the laser-produced CsH ｐａｒ七icles, and we

could reveal　the grow七ｈ mechanisms of partic:Les under several experi-

mental　conditions.

工．２ 　　　　　　　Laserand Laser Snow

The　invention of ａ laser in 1960
17）

has given us new possibili七ies

for many fields, one of which is　the photochemistry.　　　　In general

lasers have following charac七eristics： i) high power, ii) high direc-

tivity, iii) narrow pulse width, and iv) high monochromati ci ty.　These

charac七eris七ics are useful in chemistry for controlling chemical

reactions･ and for inducim

much progress　in spreading the range of laser wavelengths　and in

developing the tuning and stabilization of laser frequency has made

possible the ｆｕｒ七hersystematic investiga七ion of selective chemical

reactions.

－２－
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　　　　　Onthe other hand,　since Tyndall's　first report on the light-

induced particle forma七ion in　”nitrite of butyl”in 1869, numerous

ligh七-induced particle formations have been repor七ed.　　　Such particle

formations have been observed under the light from ａ conventional　light

source and the sun light, but the　experimen七ｓ using ａ laser ligh七as ａ

light source have been quite few.　　　This phenomenon has been not only

investigated from ａ ｐｈｏ七〇chemical poln七〇ｆｖｉｅｗ１２‾１４）ｂｕｔａｌｓｏｕ七ilized

to the　fundamental　studies　of particle growth mechanisms. '

　　　　　Thealkali hydride particles which will be described in this

thesis　is　an example of laser-produced ｐａｒ七icles.　　　　　　The

laser-production of alkali hydride particles was firs七１ｙ observed by

Tarn　ei al. in 1975. They observed　　that　　crystalline particles

of um size were produced when ａ laser beam was applied to Cs vapor

mixed with Ｈ２gas to exci七e Cs　atoms　to the ７Ｐstates.　　　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

forma七ion and, in proper conditions, a progression of double七fluo-

rescence lines of CsH molecules from the laser-excited CsH ＡＩΣ゛state

can be observed.

have　been proposed.

Two possible mechanisms　to produce CsH molecules

　　　Tarn　吐（此．１）　consideredthat CsH molecules

are produced by the direc七photochemical reactions of the excited Cs

atoms with Ｈ２molecules　in 七heground electronic ｓ七ate.　　　０ｎthe

- ３－



other hand, Saver　ｅ．亡al. proposed recently the other reactions　in

which the excited Cs ａ七〇msreact indirec七１ｙ with Ｈ２molecules.　Namely,

energies　of exci七ed Cs ａ七〇msare 七ransferred to Ｈ２molecules by colli-

sions, and Ｈ２molecules are excited　to highly vibrational　states,

which react with ground state Cs atoms　to produce CsH molecules.

　　　　　Thesephotochemically produced ｐａｒ七icles　orlaser-produced

alkali　hydride particles were named　”laser snow” because they are

white crystals and fall　down through gravity.　　　　Moreover 七hese

ｐａｒ七icles are expected to be cold like ordinary snow.　　　　This　is

because　the heat of decomposition is　taken ａｖiaｙ　^φtfhenthey are decom-

posed ｉｎ七〇cesium and hydrogen ａｆ七erthey fall　out of the　laser ｂｅａｍ．２’６）

Since　the first experiment by Tarn　ｅｔ　ａｌ.}）　therehave been reports

on the experiments of CsH or CsD ｌａｓｅｒｓｎｏｗ２‾４）ａｎｄｏｎsimple expla-

ｎａ七ionａｂｏｕ七laser snow formation. Ｂｕ七　lasersnow of ｏ七her alkali

hydrides has not been reported excep七for brief description

about observation of RbH laser snow in the first report of Tarn　ｅえ（zj.1）

　　　　　工ｎ1978 we observed also the CsH laser snow formation and made some

experimen七ｓ　described later.　　Among the laser-produced alkali hydride

molecules　and ｐａｒ七icles,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 plane七ary

atmospheres under the existence of strong radiation suitable to excite

sodium atoms to highly exci七ed states.　　　For this reason, we七ried to

produce NaH laser snow using ａ cw dye　laser whose frequency was　tuned by

means of ａ Fabry-Pelo七etalon, and we　could observe ｉ七firstly in :L979.

- ４－



We found ｔｈａ七the NaH laser snow is produced not only when Na atoms　are

excited七〇　七heir excited ｓｔａ七esby 七he　dye　laser七uned to　one of the

Ｄ lines, but also when Naz　ｍｏ:Lecules　are exci七ｅｄ七〇七he B'n ｕ state by an

　　＋Ar　laser.　　　We proposed ａ new chemical reaction to produce NaH

molecules ｂｅ七ween excited Na,　molecules and ground ｓ七ａ七ｅhydrogen

molecules. We　found also　七hat NaH laser snow is not only produced by

exci七ing Na atoms ｂｕ七also decomposed by the collisions with七he　３Ｐ

ｓtａ七ｅatoms.　　　We repor七ｅｄ七hese　effects　in 1980 6）and this was　七he

first repor七〇n the production of NaH laser snow

工．３ 　　　　　　　ParticleGrowth and Its Observation

There are many kinds of small partic:Les　in the ｎａ七uralworld.　The

size distribu七ions of meteorological particles, such as raindrops, clouds

and fogs, are comparatively well　inves七igated.　　　The size ｄｉｓ七ribution

of the　particles have been measured by using two methods：　one　isto

collec七七he ｐａｒ七iclesand measure 七he　size through ａ microscope, and the

other　is　to utilize the ligh七ｓｃａ七七eringfrom particles.　　　According

七〇works repor七ed so far, the size　ｄｉｓ七ribu七ionof raindrops can be

approxima七ed by the　Gauss ｄｉｓ七ribution and the size distribu七ion of

clouds　can be approxima七ed by the modified gamma distribu七ｉｏｎ．１９'２０)

Aerosolsタ　　especially in the　stratosphere, can be expressed by the

Since

the size distribu七ions of these ｐａｒ七iclesvary 七emporally and also

５－



spatially, it is　difficult to measure　their changes continuously・

few measuremen七ｓ　of the temporal changes ｏｆ七he size distribu七ions　of

raindrops　and ｃ:Louds２２‾２４)ｈａｖｅbeen reported, although they are no七

ｃｏｎ七inuous.

Ａ

　　　Some　experimental　studies on the size distribution of particles and

its temporal changes have been made　in ａ cloud chamber or in ａ diffusion

cloud ｃｈａｍｂｅｒ．２５）　Forexample by measuring 七he　ｆａ１:Lingvelocity of

water drops, Sinnarwalla　反（zえreported七he measurement of the growth

rate.　　　Ｆｅｒｒａｒａ（況（浸．２７）ａｌｓｏrepor七ed the measurement of size

distribution which is based on the observation of the light scattering

from particles in ａ cloud chamber.　　　　By using 七he ＣＣ:Ｌ４　as　thefilling

gas　in ａ diffusion cloud chamber, Cordier　ｅえ（zj.8）ｒｅｐｏｉヽﾓ６ｄthe laser-

production of ｐａｒ七iclesbut did not measure the size distribu七ｉｏｎ。

　　　　　Thereare several 七heoretical repor七ｓ２８‾３１）ｏｎｐａｒ七iclegrowth by

condensa七ion ａｎｄ／○ｒcoalescence.　　　However, the七heories which are

based on simplified models have not exp:Lained well ｗｉ七ｈthe experimenta:L

resul七ｓ。

　　　　　工nthis thesis we　describe our experimen七al ｓ七udies on th谷size　　‥

diｓ七ribution 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 contro:Lied, we ｓ七udy on 七he size　distribu七ion and its　tempora:Ｌ

changes　of CsH laser snow under the　differen七experimental conditions。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■　　--㎜

which are　found 七〇 give us　important informations of the grow七ｈ mecha―

nisms of CsH particles.
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工．４ 　　　　　　Outline ｏｆ七he Present Work

Chapter　:ロ:　is　ｄｅｖｏ七ｅｄ七〇七heｈｉｓ七〇rical back ground of laser-

induced chemical reac七ion. Ａ七firs七we describe the principal

difference of the laser from the conventional　light sources, from the

point of view of its chemical and spectroscopic uses.　　　Especially

monochromati c1ty and stability of tunable　laser wavelength are empha-

sized because these are important in use of lasers　to state-selective

chemical reactions.　　　Next, we ｍｅｎ七ionａｐｈｏ七〇chemicalreaction and

relations between laser and photochemis七ry, such as laser isotope

separation,.:Laser uses　in microfabrication of integrated circuits　and

chemica:Ｌ　lasers Then we review 七he works　on the　las er-p ro due七ion of

particles other than alkali hydrides.

　　　　　工ｎchapter　豆ｌ　we study the production of alkali hydride　laser

snow.　　　　Firstof all, we mention the proper七ies of alkali　atoms,

molecules, and hydrides.　　　Since alkali atoms have only one impaired

elec七ron, they easily reac七ｗi七ｈmany elements　and make compounds.　The

spec七roscopic properties　of alkali　ａ七〇msare the simplest ones in ａ１１

elements　excep七for hydrogen.　　　　This　isalso　due　to their electronic

structure.　　　In our experiments, we control　the number densities of

alkali　atoms and molecules by controlling cell　tempera七ure.　　　Therfore

the relations between the number densities of alkali　atoms or molecules

and temperature are described.　　　The physical and chemical proper七ies

of ａ:Lkali hydrides　are also described.　　　Ｎｅｘ七, we presen七七he　energies

of several ｓ七ates of alkali　atoms, molecules, and hydrides, which will
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be used　ｉｎ七heenerge七ical　discussions of proposed chemical reactions.

are shown here.　　　Next, we　describe several　fundamental　experiments

relating with the production of CsH :Laser snow：　for examp:Le, the

excita七ion of Cs　atoms or ｍｏ:Leculesby :Lasers, quenching collisions　of

excited Cs ａ七〇msｗi七ｈＨ２　molecules,　and spectroscopy of CsH molecules.

Here, we　describe also our experiments of the produc七ion of CsH laser

snow, under the various　conditions of the　exciting laser beam and gases,

and then we discuss　七wo chemical reac七ion mechanisms which have‘been

proposed　to produce CsH molecules。

　　　　Thenwe describe　the experimen七ｓ on produc七ion of NaH laser snow.

Ａ七first, we mention abou七七he preliminary experimen七ｗi七ｈrespec七七〇

excitation of Na atoms　or molecules by lasers.　　　Using results, we

discuss　about the mechanisms of the　excitations　and chemical reac七ions.

Through the experiments　described in this chapter, we　find七ｈａ七七he　NaH

laser snow is produced from 七he excited Naz　molecules　direc七ly, which is

confirmed from the obtained ｆａｃ七七hatthe　七hreshold laser power for

production of particles　is　inversely proportional to the　densities　of

Naa　molecules.　　　Furthermore, we　find that the NaH :Laser snow is

produced also from the　excited Na ａ七〇ms.　　　Especially, in this

subsection, the energy relations between NaH molecules, H2　molecules,

and excited Na atoms　are discussed.　　　The first excited ｓｔａ七ｅ3P, to

which we　excited Na atoms by laser ligh七, dose not have enough energy

required for the reaction with Ｈ２　molecu:Les.　　　　We　findtha七七he

reac七ion of Na ａ七〇ms　inhighly exci七ed states with ground ｓｔａ七ｅＨ２
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molecules and the reac七ion of Na atoms　in the　３Ｐｓ七ａ七eswith vibra七ion-

ally excited Ｈ２　ｍｏ:Leculesare　impor七ant in produc七ion of NaH molecules

from七he　measured relation of the　threshold laser power vs.　the densi七ｙ

of Na atoms.　　　The dissociation of NaH laser snow is　ａ:Lso discussed.

Finally, we　summarize the　experiments　of laser snow and compare alkali

hydride　laser snow with other laser-production of particles。

　　　　　工ｎchap七ｅｒ工V, we　ｓ七udy the temporal changes　in size distribution

of CsH laser snow and its growth mechanisms.　　　Firs七〇ｆ all, we

describe the principle of measurements of size　ｄｉｓ七ribu七ion.　　　We use

the waveleng七ｈ－ and ｐｏ:Lariza七ion-dependences　of light sea七七ering from

the　:Laser-produced particles. We review the Mie theory, which is　the

basic　theory of :Ligh七ｓｃａ七七eringby ａ spherical single particle.

Ｍｉｅ七heorygives us the scattered ligh七intensity as　func七ions of

wavelength, polariza七ion, scattered angle, and ｐａｒ七icleradius.

ａ size　distribution is　assumed, we　can calculate the ｓｃａ七teredlight

iｎ七ensi七ies as　functions of wavelength and polariza七ion.

The

When

To approxi-

mate　the shape of size distribution, we use ｄｉｓ七ribution　func七ions,

Gauss, S七evenson, and Junge, as　七ｅｓ七　func七ions,each having 七hree

parameters. By finding the approximate　size ｄｉｓ七ribution func七ion

which minimizes　the mean-square deviation between the calcula七ed

ｓｃａ七七eredlight intensities ａｎｄ七he observed ones at five　differen七

wave:Leng七hs and two orthogonal ｐｏ:Lariza七ions,　we determine七he ｂｅｓ七－fi七

ｄｉｓ七ribution function.

Ｎｅｘ七,we　describe abou七七he　experimen七ｓ　and analyses.

- ９－
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experiment　we applied the white　light, and measured the wavelength一 and

ｐｏ:Larization―dependences of ｓｃａ七七eredligh七intensities　from the

laser-produced CsH ｐａｒ七icles.　　　By comparing 七he experimen七al results

with theory, we　obtain the　size distribu七ion as ａ function ｏｆ七ime　after

the beginning of produc七ion of CsH ｍｏ:Lecu:Les.　From obtained size

distribution, we calcula七ｅ the temporal changes of number density, total

radius,七〇tal ｖｏ:Lume, mean radius, and mean ｖｏ:Lume of partic:Les, and

七hen we　discuss　the grow七ｈ mechanisms of the produced ｐａｒ七icles.　　　工ｎ

the ｌａｓ七ｐａｒ七〇fthis chap七er, we　summarize the growth mechanisms　of CsH

laser snow and we　ａ:Lsodiscuss 七he　decomposi七ion of particles.　　　工七　is

known that par七icles are　charged in the early stage of ｐａｒ七iclegrow七ｈ．

We discuss on the neutralization of the charges, in the course of the

particle decomposition。

　　　　　工ｎchapter V, the general conclusions of this thesis　are presen七ed.
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CHAPTER　豆

　　LASER一ｴNDUCED

CHEM工CAL REACT工ON

Ⅱ．１　　　　　Introduction

　　　　工ｎthe ｈｉｓ七〇ryof 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 ｃｏｎ七rolling七emperature, concentra-

tions, ca七alysts, etc., particularly in organic　chemistry･

However,　七he　invention of ａ laser　in196017）ｇａｖｅｕｓ new possibility

for ａ systema七ic　investiga七ion of 七he ｃｏｎ七rol of selec七ive chemical

reac七ions.　This　is because　lasers have several　advan七ages compared

with　ｃｏｎｖｅｎ七ional　light sources used in ｐｈｏ七〇chemis七ｒｙ：　i)high power,

ii) high directivity, iii) narrow pulse width, and iv) high monochro-

ｍａ七ｉｃｉ七ｙ.

　　　　工ｎrecent years much progress has been made in spreading the

range of laser wavelength and in developing the　tuning and ｓ七abili-

ｚａ七ion of laser frequency.　　　　This has made possible the　further

systematic investiga七ion of selective chemical ･reac七ions.　　Especially

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

　　　　工ｎｓｅｃ七ion　H.2, we describe the charac七eristics of lasers as

tools　for ｃｏｎ七rolling chemical reac七ions.　We　describe also on the

waveleng七h-stabilization of tunable　lasers. 工ｎｓｅｃ七ion　:K 。3, we

present　some applications of lasers to ｐｈｏｔｏｃｈｅｍｉｓ七ｒｙ・

:n:.4, we　describe on the　laser-production of ｐａｒ七icles.

　
　
　
　
　
１

２
　
　
２

　
一
　
　
　
・

ｎ
　
　
皿

工ｎ section

Lasers

Characteristics of Lasers　in Chemica:Ｌand Spectroscopic

Uses

　　　　　Manyphotochemical　experiments　that cannot be achieved with ａ

conven七ional ligh七source are ｏｆ七enpossible with ａ laser because of

its high power, high monochroma七ici七ｙ，　ｅ七ｃ?2’33）　工nthis　ｓｅｃ七ionwe

describe　the characteristics　of lasers which have been used and will

be used in photochemistry･

（１）　High power

　　　　　Generallyspeaking, laser power is high enough to induce photo-

chemical reactions　even if it is about few mW.　　　This　is relevan七七〇

the direc七ivity and monochroma七ｉｃｉ七ｙof laser which will be　described

ｌａ七er.　　　工n other words, laser power densi七ｙ with respec七七〇 ｂｏ七ｈof

volume　and frequency is, in many cases, sufficien七七〇 induce ｐｈｏ七〇－

chemical reactions We　canno七七ｅ:LI, however, that it is always
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true　for any photochemical　experiments.　　　In fact, when one has to

exci七ｅ　ａ七〇msor molecules　to　their highly exci七ed ｓ七atesby 七wo or

more ｐｈｏ七〇ｎabsorption, much higher laser power is required.

(2) Directivity

　　　　Direc七iｖi七ｙis related with ｓｐａ七ialcoherence of lasers.

Since　laser ligh七has usual:3-yhigh directivity, i七　ispossible to

focus　it in an extremely small area and 七〇ｇｅ七high power density・

So, when七he　:Laser ligh七focussed in ａ small area induces ａ chemical

reaction, one can say 七ｈａ七七hehigh ｓｐａ七ialcoherence of ａ laser is

used.･　　　　However,there are quite few applica七ions of self-

interferences (a unique charac七eris七ics of coherence) of laser light

to chemical reac七ions.

（３）　Narrow pulse ｗｉｄ七hs

　　　　ＥＸ七remelyshort 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 reac七ions.　　　工ｎ

other words, one　can spec七roscopically detect　ｉｎ七ermediateproducts

（ｏｒreaction ｉｎ七ermediates) with ａ very short life七ime, which plays,

in many cases, very imp or七ａｎ七roles　inchemical reac七ion.

(4) High monochromati ci ty

　　　　Monochromaticity is related with七emporal coherence of lasers.

Generally speaking, laser light has high monochromatici七ｙ comparing

with　conven七ional　ligh七．　　　The　lightfrom ａ gaseous laser has

extremely high monochroma七ｉｃｉ七y,bu七　ｉ七ｓwaveleng七hs　are　so
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ｒｅｓ七ricted.　　　So,when we use gaseous laser light in atomic or

ｍｏ:Lecularspectroscopy, one has 七〇expec七the accidenta:Ｌ　coincidence

of absorption lines and laser lines.　　This ｒｅｓ七ｒｉｃ七ionof waveleng七hs

has been disadvantages　from七he 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 photochemis七ｒｙ･

:n。　２。　;２　　Wave:Length-Stabilizationof Tunable Lasers

　　　　工ｎrecen七years, much progress has been made in 七unable　lasers

Dye　Lasers　　are well　investigated lasers　in tunable　lasers.　Dye

lasers

lasers.

34）

have the widest tunable range compared with other types of

　　Thiswide tunabili七;y, however, results　in poor ｓ七ability

of the wavelength, and hence the stabilization of the wavelength is

ｏｆ七enrequired for the use of dye　lasers　in chemical and other

applica七ions.　The　stabiliza七ion of 七he wavelength of 七he　dyelasers

can be made by inserting wavelength selec七ive elemen七ｓ　intothe dye

laser　cavity.　　　　Theｍｅ七hodsof wavelength-stabilization, which have

been developed so far, can broadly be classified into ｆｏ１:Lowingtwo

types:

（ａ）　Ａｍｅ七hodusing prisms, diffraction gratings, Fabry-Pelot etalons,

Lyot filters, and combina七ions ｏｆ七hese elemen七ｓas　ｉｎ七racavity
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wavelength-selec七ive elements.　　　Ｔｈｅ七uning of the waveleng七ｈis

made mechanically by controlling posi七ions, angles, and tilts of these

elements･

（ｂ）　Ａmethod using the spectral　lines of atoms or molecules, such as

ａ Doppler-broadened absorp七ｉｏｎ: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　elemen七ａｎｄ七ｈａ七

the　laser wavelength is　always ｓ七abilized ｗｉ七hinａ spec七ral line。

　　　　　工ｎorder to ｇｅ七七heｓ七ａ七e-selective or isotope ｓｅ:Lective chemical

reactions, we need the　laser ligh七with ａ sharp spectrum, whose

frequency can be tuned finely 七〇　absorption lines of atoms or

molecules.　　　Therefore七he ｍｅｔｈｏｄ（ｂ）ｉｓconsidered七〇 be simpler

and more useful　for chemical uses compared with the ｍｅ七ｈｏｄ（ａ）．　　　We

investigated also the stabilization of the dye　laser waveleng七h by

using the ｍｅtｈｏｄ（ｂ）.　　　Byusing ａ Faraday filter as　ａ wavelength-

selective elemen七, the frequency of ａ cw dye　laser could locked at the

center of the sodium D lines and at absorption lines ｏｆｎｅｏｎ?６）

工ｎ　our　labora七〇j^y.　this　frequency-locked　cw　dye

laser by ａ Faraday ｆｉ:Lter has practically been used to　study the

relaxa七ion and 七ransfer of multipole ｍｏｍｅｎ七ｓ　ofexcited atoms by 七he

　　　　　　　　　　　３７）aniso七ropic ｃｏ１:Lisions, but we have not applied it　to　control

chemical reactions.　　　工n the experiments　to be　described in this

thesis, we used the more conventional method (a), because we did not

need an extremely sharp　spec七rum and high frequency-stability.　　　　As
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mentioned later, the absorption lines　of alkali vapor were not sharp

ｄｕｅ七〇七heｃｏ:Llisiona:Ｌbroadening but they were well　separa七ed from

the adjoining lines・

　　　　工ｎrecent years, much progress has ａ:Lsobeen made　in diode

lasers. They are very smal:L tunable lasers, whose ｏｕ七putamplitude

and frequency can be modulated direc七１ｙat a high frequency （~ＧＨｚ）?8,39)

Ａ:Lthough oscillation wavelengths are now restric七ed to waveleng七hs

:Longer than about　６５０ｎｍ，４０）and the output power is　:Less　七hanabou七1０

mW in cw opera七ion,　ｉ七is　ａ:Lso expec七ｅｄ七ｈａ七七heywill become

powerful　light sources　in chemistry and spectroscopy The

ｓ七abiliza七ion of 七he diode　laser wavelength a七the Ｄ２　lineof Cs

(852.1 nm) has recen七ly been performed in our labora七〇ｒｙ,41）by using ａ

Doppler-free saturated absorp七ion signal.　　　We consider that the

wavelength-stabilized diode　laser can be used in photochemical

produc七ion of CsH and RbH ｐａｒ七icles,which are studied　in this　thesis

by using ｏ七herlasers (Ar十　laser and dye　laser).

:[1.３　　　　　Laserand Photochemical Reaction

　　　工ｎ七hissection we review some　importan七works made　so far on the

laser-induced chemical reac七ions occuring in gas phase

n. 3. 1 Photchemical Reac七ion
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We　consider ａ reaction between hydrogen　and chlorine as an example

of photochemical reac七ions.

H２　十Ｃ１２　４ｈり々2HC1,

The reac七ion is usually represented as

(2.1)

but when we consider it in detail, we know ｔｈａ七thisis　ａseries of

reactions as follows：４２）

C12＋ｈり■*■ 2C1,

Ｃ１十H2＋HC1十Ｈ，

Ｈ＋Ｃ１２＋ＨＣ１十Cl,

(２.２)

(2.3)

(2.4)

where　only the process (2.2) is　directly related to light.　　　This

kind of process　is called photolysis or ｐｈｏ七〇dissociation.　　　To

control chemical reactions by using light･ (including lasers), we ｍｕｓ七

consider not only whether the process (2.2) is possible or ｎｏ七but also

how the other processes occur, because they will determine the rate of

whole reaction。

　　　　　Wehave briefly shown an example of the photochemical reaction

resul七ed from ｐｈｏ七lysis,but, of course, there are other七ypes of

photochemical reactions due to photoexcitation and photoionization.

We describe some　examples of these七ypes in the ｎｅｘ七subsection.
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工1.3.2 Laser and Chemical Reaction

　　　　　Thereeire many reports　of　photochemical　reactions

induced by photoexcita七ion and photoioniza七ion by laser ligh七［see

review papers 32,33］］．　　　　Anexample of the chemical reactions　induced by

ｐｈｏ七〇excitationis shown in (2.5), whose reaction rate was measured by

Odiorne et al.

ＨＣ１（ｙ＝０，１）＋Ｋ － KCl ＋Ｈ (2.5)

Ａ pulse HCl chemical :Laser was used to excite HCl molecules to　ｙ＝１，

which has energy ８．３ kcal/mol higher than that of the ground vibrational

states v=0.　　　They found ｔｈａ七HCl(v=l) reac七ｓ approximately １００　times

faster than ＨＣ１(ｇ＝Ｏ)．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　４４)

　　　　Photoioni zation by laser has been applied to ｉｓｏ七〇pe separa七ｉｏｎ：

　　　　　　　　　　　　　　　　　　　＋　　　－
Ａ十ｈりｰ･ A* ４，Ａ　十ｅ，

where Ａ represents an isotope

ａｐｐ:Lyingelectric field.

(２．６)

Ionized isotopes are collected by

Up to date, the　isotope separation using
40

this scheme has been reported for　　Ca
?5）85Rb j6）235Uj゛7）ａｎｄ ６Ｌｉ?8）

　　　　　Theconditions to induce ａ selective chemical reaction・　are　as

follows.

１）　　Highmonochromati ci ty of the exciting radiation with ａ necessary

power　level at a given frequency･

- 1８ －
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excitation of particular atoms or molecules　to the desired excited

state.

２）　　Exis七enceof ａ narrow absorption line ｗｉ七houtoverlapping with

adjoining lines.

３）　　Conservation of the selectivity even in subsequen七physical and

chemical processes。

　　　　　Thefirst condition is the Condi七ion of light source, which has

been described already.　　　　The second condition can be fulfilled with ａ

dilute substance　in the gas phase which has discre七ｅenergy levels, and

hence the selec七ive excitation to an electronic or vibrational state　is

possible.　　　工七is much more complicated problem to satisfy the third

conditions, since　the selectivi七ｙ obtained as　ａresult of the primary

photochemi cal process can easily be　lost af七er 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 chemical

reaction ｆａｓ七andthe other is 七〇use　the ionization or dissociation of

excited atoms ６ｒmolecules.　　　These two ways have possibilities to

induce ａ selective chemical reac七ion faster than the other subsequen七

processes which lose the selectivity･

　　　　Thelaser isotope separation

selective photochemical reactions.

Mayer at al,
51）

is an application of such

　The best result was ｏｂ七ainedby

with ａ mixture　of methanol and completely deuterated

mｅｔｈａｎｏ１（CDj⊃Ｄ）. By irradia七ing ａ ２．７ｐｍ hydrogen fluoride　laser.
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CH3OH　molecules are excited to vibrati onal ly excited states and react

ｓｅ:Lectively with Br^ ．　　　The laser ｉｓｏ七〇peseparations by using ｐｈｏ七〇－

ionization, photodissociation, and photoexcita七ion have also been

ｓ七udied extensively･

Recently, laser-induced chemica:Ｌ reactions have been applied to the

microfabrication of ｉｎ七egrated-circuits　etc.　by Ehrlich ｅ尤（1.え
52-58)

This technique makes use of gas-phase reactions　initiated by ａ visible or

UＶ:Laser.･ An important attribute of this　technique　is that high-

　　　　　　　　　　　　　　　５２）spatial-resolution deposition, etching,
53'54)ｏｒ

ｄｏｐｉｎｇ５５‾58)ｃａｎbe

accomplished by　”direc七ｗｒｉ七ｉｎｇ”,that is, wi七ｈｏｕ七use of photo-

１ｉ七hography･ Deutsch　Ｑ±　ａｌ.
52）

demonstrated laser photodeposition by

using ａ uv laser £ind the metal alkyl compounds, such as

trimethylaluminum, AlCCH, ), . 工ｎtheir experiments molecμlar bonds

were broken directly by uv laser photons, and free metal atoms were

produced and then condensed on ａ subs七rate.

was demonstra七ed by Ehrlich ｅ±　ａｌ
53）

uv laser photoetching

uv laser photolysis of methyl-

halides was used to produce halogen atoms, Cl, Br, or ｌ．　　　These

halogen atoms are chemisorbed onto the surface and erode the surface.

Ehrlich et al.?５）　demonstratedalso 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

wi七ｈ semiconductors when their surface are heated by ａ laser.

2０ －



Finally, it must be noted that chemical reactions have been applied

to get new kinds of lasers or chemica:Ｌ　lasers.

laser is an typica:Ｌ ｅｘａｍｐｌｅ．５９）

The hydrogen fluoride

The population inversion in hydrogen

f:Luoride ｍｏ:Lecules　is attained through the chemical reaction as

　　　　　　　　　　　　　†

Ｆ十H2 -･･Ｈ十HF

The　induced fluorescence is due to

　十
HF　-･’ HF 十ｈり，

(2.7)

(2.8)

where ＨＦｊ‘　representsａ vibrati onally excited HF molecule.　　　The

osci:Llation wavelength of the chemical laser is direct:Ly rela七ｅｄ七〇

chemica:Ｌreactions　invo:Lved.
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Ⅱ．４　　　　　Laser-Production of Particles

　　　　Numerous　light-induced ｐａｒ七icleformations have been reported since

the firs七report of Tyndall in １８６９.11）　However, mechanisms of these

phenomena have not been well unders七〇〇ｄyet, a:Lthough some of these

phenomena have been well investiga七ｅｄ.12‾16）

　　　　Ｏｎ七heother hand, in recent yearsタ　lasers have been used in the

work on the photochemical productions of ｐａｒ七iclesｏｆμｍsize.　　　The

ａ:Ｌｋａ:Li　hydrides,which are　described in detail　in this thesis, have been

observed in ａ mixture of alkali vapor and hydrogen gas.　　The

production of particles　in gaseous Ｎ０２－ SOj mixtures
７）ａｎｄ

in super-

saturatated CCl.　and impurity Ｃ１２　ｍｉｘ七ｕｒｅｓ８）ｈａｓalso been observed.

Furthermore, i七has　also been reported ｔｈａ七七heUFs　particles　can be

produced in UFs　and Ｈ２ｍｉｘｔｕｒｅｓ,９）ｗｈｉｃｈｉｓexpected to be　applicab:Le to

isotope　separation of
235Ｕ

Such particle production is clearly due

to the　laser-induced chemical reaction of producing ｎｏｎｖｏｌａ七i:Leｍａ七七ｅ『

and from 七he　subsequent ｎｕｃ:Leation. The partic:Le　forma七ion 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 ligh七are i) high efficiency and selectivi七ｙ for chemical

reactions because of its monochroma七icity, ii) the　ａｂｉ:Lityof producing

particles　in ａ　small space because of its　direc七ivity,　and iii)七he

abili七ｙto cause ｓ七rongly endothermic reactionｓ． which result in

nucleation of their products at even low temperature without any

catalyst, because of its high ｉｎ七ensity・

- 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 ｓ七udied in this thesis.　　　　工ｎ　1978工wamoto e｡え（ｌえ．７）

reported the particle formation in gaseous Ｎ０２－ Ｓ０２　ｍｉｘ七ures　irradiated

by a laser beam from an Ar laser at 488.0 nm and with ｉｎ七ensities

between ０.０２ － ０．１ Ｗ．　　　The particles were produced in ａ few 七ens of

seconds ａｆ七er the beginning of laser-irradia七ion.　　　They found that

the produced particles aire　aggregates of composition (S03)2N203. which is

produced by reac七ion of photoexcited Ｎ（１　with Ｓ０２．　　　　The constitution

is however uncertain［ＳＯ３Ｓ０２（ＮＯ）２，（ＳＯ３）２ＮＯ２ＮＯ， ｅｔｃ・］．　　　工n 1981 Cordier

et cU.. reported the photonucleation in supersaturated CCl.　and impurity

Ｃ１２　mixtures ， which are ‘irradiated by an Ar laser:ligh七．　　　　They

observed the first falling of the produced drople七七ypically at 25 - 150

sec　after the beginning of laser-irradiation.　　　Since the nucleation

was　dependent large:ly on the presence of Ｃ１２, they concluded 七ｈａ七the

phenomenon of photonuc:Ｌｅａ七ion was　initiated by 七he ｐｈｏ七〇decomposition of

Ｃ１２　into two atoms.　　　工ｎ　1977 Ronn　at aZ- reported the production of

UFs　particles　in the cell containing UFe　and Ｈ２, under the　irradiation

of infrared laser beam （λ= [10.6μｍ）．　　The dielectric breakdown

induced by nonresonan七laser beam was found 七〇　induce the reaction

2UFe　十H2　＋　2UF5　+ 2HF. (2.9)

Since produced ＵＦ;　particles　caneasily be collected, one cam apply this
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process for:Laser　ｉｓｏ七〇pe separation of　２３５Ｕ

豆．５　　　　　Summaryand Conclusions

　　　The　inven七ionof lasers, especially the progress　in tunable　lasers,

has brought new possibilities for controlling chemical　reactions and for

ｏｂ七aining much knowledge abou七chemical reac七ions.　　　The　laser iso七〇pe

separation is　a typical applica七ion of controlling chemical reactions.

The　　laser-induced　chemical reactions have recently been ａｐｐ:Lied七〇

the microfabrication of integrated-circuits etc.　Ａ:Lthough photochemical

production of ｐａｒ七icleshas ａ long ｈｉｓ七〇ry,studies using ａ laser have

been quite few ｙｅ七．　　　This must be mainly because 七he　lasers　suitable

for the particle　formations have not been so many and the　chemica:Ｌ

reactions associa七ed ｗｉ七ｈ七heparticle formation have ｎｏ七been well

known.
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CHAPTER:[I工

ＡＬＫＡＬ工HYDR:I:DE　LASER SNOW

:ｍ:．１　　　　　Introduction

　　　　　工ｎ1975 Tarn　ｅえ（ｚ.乙．１）　discoveredthe laser-nroduction of CsH

crystalline particles of μｍsize when ａ laser beam was applied　to Cs

vapor mixed with Ｈ２　gas　toexci七e Cs　atoms　七〇　the７Ｐｓ七ａ七es.　　　This

is　the first report of light-induced particle　forma七ion in ｍｅ七al

vapors ・　　　Theｐａｒ七icleswere named　”laser snow”and were considered

七〇be formed through condensation of CsH molecules produced by

laser-induced chemical reac七ions.　　　The　CsH molecules　are considered

to be produced by the reac七ions as

Ｃｓ（７Ｐ）＋Ｈ２ ４･ CsH + H

Ｃｓ（６Ｓ）＋Ｈ＋Ｘ ， CsH ＋Ｘ，

(3.1)

(3.2)

where
ｘ represents　any

atom or molecule　in　the ground elec七ronic　state.

In　ｓ七ead of (3.1), Saver　ｄ（ズ．１０）ｐｒｏｐｏｓｅｄｒｅｃｅｎ七１ｙthe other reactions

七〇 produce CsH molecules as

Cｓ（7P）＋H2 ， Cs{6S) + H,{v)

－２５ －

(3.３)



Ｃｓ(６Ｓ)＋Ｈ２(○→ CsH + H, (3.4)

where　１／represents some vibronic　excited state　in the ground electronic

state of Ｈ２　molecules。

　　　　　Since　the　firstexperiment by Tarn at al. ,' there have been some

reports on CsH or CsD ｌａｓｅｒｓｎｏＷ,２‾５)ｂｕ七七herehave been no reports　on

NaH laser snow.　　　工ｎ 1978 we also observed the CsH laser snow

forma七ion and made some experiments　described later.　　　Next, we

tried七〇 produce NaH laser snow, which is more　ｉｎ七eresting from the

poin七ｓ ofgeophysics and planetary science, and succeeded in the　first

observation of NaH ｐａｒ七icle　formation　in 1979.　　　We found that the

NaH　laser snow is not only produced when Na atoms are exci七ed to　their

exci七ed states but also when Na, molecules are　excited to the B'n ｓ七ａｔｅ。
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｕ

The possible reaction to produce NaH molecules　from excited Na,

molecu:Les　is

Na2（BIHu）゛Ｈ２ ゛ 2NaH.
(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 ３Ｐstates.

工n 1980 we reported on the first observation of NaH laser snow ，its

dissociation, and laser snow produc七ion from the excita七ion of alkali

diatomic molecules.

● ２６ －



snow

In this chapter we describe　the production of CsH and NaH laser

　　　　Firstof all, since　the produced particles are made of alkali

hydrides, we have　七〇describe properties of alkali　ａ七〇ms, 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　ｓ七udies

of Na and Na,　andthe experiment of NaH laser snow formation.

we summarize　thealkali hydride　laser snow.

ⅡＩ。２　　　　　Properties of Alkali　Atoms, Molecules, and Hydrides

　　　　　Becausealkali ｍｅ七alshave highly reactive ｎａ七ure, none of

Next,

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 工訊‾６１１ｋｅｉｎｎｅｒｍｏｓｔof the

four Galilean satellites of Jupiter.　　　　　In the planetary atmosphere,

there exis七also hydrogen and　intense ligh七so　ｔｈａや七heｐｈｏ七〇chemical

reactions to be described in this　thesis are　expected to occur more or

less。

　　　　　工nthis　ｓｅｃ七ion,we describe physical　and chemical properties ｏｆ゛

alkali　atoms, molecules, and hydrides　and their spectroscopic properties.

－２７ －



Table　３．１　　Physical properties of Na, K, Rb, and Cs. (See　Ref. 64)

Na

Ａ七〇mic　number

Ａ七〇mic　weigh七

Melting ｐｏｉｎｔ（ｏＣ）

Boiling ｐｏｉｎｔ（ｏＣ）

Atomic　radius (K)

］：onic　radius (K)

Atomic volume (c.c./g･ａ七〇ｍ）

:lonization potential (eV)

Electron work function (eV)

Elec七ron emission

　　　wavelength (μｍ）

Elec七ron resis七ivity

　　　（ｍｉｃｒｏ－ｏｈｍ－ｃｍ）（ＯＯＣ）

Density, solid, 20°Ｃ

Ｈｅａ七〇ｆ fusion (cal/g)

Heat of vaporiza七ion

　　　(cal/g), b.p・

　１１

　22.9898

　97.82

881.4

　　1.896

　　0.95

　23.7

　　5.12

　　2.28

　　０.６０

　　4.48

　　0.968

　27．０５

925.6

工mpor七ａｎ七spec七ral

　　　　（ｎｍ）

lines　　588.995

　　　　　　　　589.592

　　　　　　　　８:L9.481

2８ －

Ｋ

　１９

　39.102

　63.2

756.5

　　2.349

　　1.33

　45.3

　　4.32

　　2.24

　　0.65

　　６．１

　　0.856

　14.17

４９６

404.414

766.491

769.898

Rb

　37

　85.47

　39.0

６８８

　　2.48

　　1.48

　55.9

　　4.16

　　2.09

　　0.73

11.6

　1.532

　６．１

２１２

420.185

421.556

780.023

794.760

Cs

　55

132.905

　28.5

７０５

　　2.67

　　1.69

　７０.0

　　3.87

　　1.81

　　０.８０

　１８

　　1.90

　　3.766

１４６

455.536

459.318

８５２．１１０

894.350



:［n.　２．１　　　Physical　andChemical　Properties

　　　　　Physical･ properties of sodium, potassium, rubidium, and cesium

ｍｅ七alsor　ions are shown in Ｔａｂｌｅ３．1.64）　　Ｍｏｓ七〇fthe alkali metals

are　low-melting and soft materials　excep七for cesium, which　is　liquid at

ordinary temperatures.　　　Their thermal　and electrical conduc七ｉｖｉ七ies

are　among the highes七〇ｆ all known materials.　　　工oniza七ion potentials

are　the　lowes七〇ｆ all groups　in 七he periodic char七． Ａ１１　ofthe alkali

metals　are paramagnetic, due to ａ single unpaired ｓ electron。

　　　　　Thechemistry and chemical properties of the　alkali　ａ七〇msare also

explained from the elec七ronic structure of ｔｈｅａｔｏｍｓ．６４）　　　Theｍｅ七als

of this group have　the low ionization potentials, the　low electron work

func七ions, and the high posi七ion　in 七he electromo七ive　series.

Rubidium and cesium metals are both ｐｈｏ七〇sensitive, which indicates

that ordinary light is sufficiently energetic　to liberate 七he valence

electrons. The ｓ七ronglyelectro-positive nature of these elements

dictates　their chemical reactivi七ies　in both ｍｅ七allic　andcombined

states.　　　］:nthe metallic state, the　elemen七ｓ　areamong the strongest

reducing agents known and react to　form compounds with ａ very high

degree of ionic bonding：　in the combined ｓ七ate, the ｍｅ七al　ions　are　the

most　stable of all　cations.

　　　　　Inour 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 temnerature and

－２９ －



pressures　or number densities　of alkali　atoms　and molecules.

Pressures　and number densities of these alkali　atoms and molecules　ａ七

　　　　　　　　　　　　　　　　　　　　　　　　　　　　６５
６６）

several　temperatures are　ｌｉｓ七edin Table 3.2. '

　　　　　　　　　　　　６７）
All the alkali hydrides have face-centered cubic colorless　crystal

ｓ七ｒｕｃ七ures　analogous　tothe structure of sodium chloride. Alkali

hydrides have therefore similar properties　to alkali　halides, for

example, high melting poin七s, a high degree of thermal　stability, and

they are　able　to conduct electricity　if they are melted.
The　alkali

hydrides　are prepared by the direct reaction of metallic alkali　with

elemental　hydrogen at elevated temperatures. The ambien七pressure

of hydrogen must be higher 七hanthe dissociation pressure of

alkali　hydride　sincereaction is reversible.

Ｍｏｓ七〇ｆalkali　hydrides　£ｒｅ used as　the ｐｈｏ七〇sensitive elements

in photocells Sodium hydride　is　alsoused for descaling metals and

for reduction agent in organic reactions.　　　Alkali hydrides, espe-

cially　sodium hydrides, may be of importance　in the ｐ]Lanetary ａ七mosphere

where relatively　:Large amount of alka:Li, especially sodium, and hydrogen

are known ｔｏ‘exis七under七he　exis七ence of ｉｎ七ense radiation.

Because, under such condi七ions, large amoun七〇ｆ alkali hydrides are

expec七ed to be produced through the photochemical reactions which will

be described in 七his　七hesis。

　　　　Since the　dissociation of ａ:Lkali hydrides ｗｉ１:Ｌbe　important　in our

experimen七s- i七is worthwhile to show the　dissociation pressures　of

- ３０ －



Table　３．２　　Pressures　and densi七ies of alkali　ａ七〇ms　ａｎｄｍｏｌｅｃｕleｓ?5'66)

(a) Sodium

　　　　Na ａ七〇ｍ

Ｔ(Ｋ)

3２５

３5０

３７５

４００

４2５

４5０

４7５

5００

55０

6００

６5０

７００

a）

P(Torr)

1.16E-09

1.79E-08

1.92E-07

1.54E-06

9.72E-06

５.０１Ｅ－０５

2.18E-04

8.20E-04

8.15E-03

5.56E-02

2.85E-01

1.16E十〇〇

（ｂ）　Cesium

　　　　　　Cs　ａ七〇ｍ

Ｔ（Ｋ）

3００

32５

３5０

３７５

４００

４２５

４７５

5００

５5０

6００

65０

７００

Ｐ(Ｔｏｒｒ)

1.６７Ｅ－06

1.６０Ｅ－０５

1.17E-04

6.55E-04

2.92E-03

1.08E-02

１.０７Ｅ－０１

2.40E-01

1.29E十〇〇

4,32E十〇〇

1.30E十〇1

3.31E十〇1

a) Ref, 66

n(cm
3.45E十〇７

4.93E十〇８

4.95E十〇9

3.72E+10

2.21E+11

1.07E+12

4.43E+12

1.58E+13

1.43E+14

8.96E+14

4.23E+15

1.60E+16

n(cm
5.38E＋１０

4.75E+11

3.23E+12

1.69E+13

7.05E+13

2.45E+14

2.18E+15

4.64E+15

2.27E+16

6.95E+16

1.93E+17

4.57E+17

Na, molecule

Ｔ(Ｋ)

３２5

35０

3７5

４００

４２5

４5０

４７５

5００

55０

6００

６5０

７００

Ｔ(Ｋ)

300

325

35０

３７5

４００

４2５

４７５

5００

55０

6００

65０

７００

- 31 －

P(Torr)

5.75E-14

2.62E-12

5.37E-11

8.１４Ｅ－１０

8.85E-09

7.25E-08

4.70E-07

２.５０Ｅ－０６

4.41E-05

4.75E-04

3.51E-03

1.93E-02

n(cm
－３

1.71E十〇３

7.22E十〇4

1.38E十〇6

1.97E十〇７

2.01E十〇8

1.56E十〇9

9.55E十〇９

4.83E+10

7.74E+11

7.65E+12

5.22E+13

2.67E+14

CS2　molecule

Ｐ(Ｔｏｒｒ)

3.12E-11

8.１０Ｅ－10

1.37E-09

1,56E-07

1.29E-06

8,23E-06

1.79E-04

6.50E-04

5.94E-03

3.69E-02

１.７１Ｅ－01

6.25E-01

ｎ(Ｃｍ
‾３）

1.０１Ｅ十〇6

2.41E十〇７

3.78E十〇７

4.02E十〇9

3.11E＋10

1.８７Ｅ＋11

3.64E+12

1.26E+13

1.04E+14

5.94E+14

2.54E+15

8.62E+15



Table　３．２　(Continued)

（ｃ）Ｐｏ七七asium

　　　　Ｋａ七〇ｍ

Ｔ（Ｋ）Ｐ（Ｔｏｒｒ）　ｎ（ｃｍ‾３）

３２５　1.90E-07　5.63E十〇９

３５０　2.74E-06 7.57E+10

375　1.89E-05 4.87E+11

400　1.17E－０４ 2.82E+12

425　5.49E-04 1.25E+13

450　2.０９Ｅ－０３ 4.49E+13

475　6.84E-03 1.39E+14

５００　２.０６Ｅ－０２ 3.97E+14

５５０　1.32E-01 2.32E+15

600　6.19E一〇1 9.96E+15

650　2.27E十〇〇　3.37E+16

700　8.88E十〇〇 1.22E+17

750　1.79E十〇１ 2.30E+17

(d) Rubidium

　　　Rb　atom

Ｔ（Ｋ）

３２5

350

３７5

４００

４２5

４5０

４75

５０0

５5０

6００

６5０

７００

７5０

Ｐ（Ｔｏｒｒ）ｎ（ｃｍ‾３）

4.16E-06　1.24E+11

3.42E-05 9.43E+11

2.12E-04 5.46E+12

1.０３Ｅ－０３　2.49E+13

4.１０Ｅ－０３ 9.31E+13

1.39E-02 2.98E+14

3.91E-02 7.94E+14

1.10E－○:L 2.12E+15

5.88E-01　1.03E十16

2.･３７Ｅ十〇〇3.81E+16

7.62E十〇〇　1.13E+17

2.06E+01 2.85E+17

5.０１Ｅ十〇１ 6.45E+17

●

　　　　Ｋ２molecule

Ｔ（Ｋ）Ｐ（Ｔｏｒｒ）ｎ（ｃｍ‾３）

３２５　4.15E-12 1.23E十〇5

350　1.０８Ｅ－１０ 2.98E十〇６

３７５　１.７８Ｅ－０９4.58E十〇７

４００　２.００Ｅ－０８4.83E十〇８

４２５　1.71E-07 3.89E十〇9

450　1.13E-06 2.43E+10

４７５　6.03E-06 1.23E十１１

５００，　2.71E-05 5.23E+11

550　3.58E-04 6.29E+12

６００　３.０１Ｅ－０３4.85E+13

650　1.79E-02 2.66E+14

７００　８.１０Ｅ－０２1.12E+15

７５０　2.97E-01 3.82E+15

　　　　　Rb,　molecule

T(K) P(Torr)　ｎ（ｃｍ‾３）

３２５　2.23E-10 6.63E十〇６

３５０　4.22E-09　1.16E十〇８

３７５　5.29E-08 1.36E十〇９

４００　4.77E-07 1.15E+10

４２５　3.37E-06 7.66E+10

450　1.83E-05 3.93E+11

４７５　８.11E－０５ 1.65E+12

500　3.06E-04 5.91E+12

５５０　3.04E-03 5.34E+13

６００　２.０９Ｅ－０２3.37E+14

650　1.06E-01　1.57E+15

７００　3.96E-01　5.47E+15

750　1.13E十〇〇　1.46E+16

３２ －



Table ３．３　　Dissociationpressures of alkali

hydrides and deutrides (see Ref. 64).

Ｐ：Pressure (Torr)　　Ｔ： Temperature (K)

ＮａＤ：

ＮａＨ：

ＫＤ：

ＫＨ：

ＲｂＤ：

ＲｂＨ：

ＣｓＤ：

ＣｓＨ：

log P =13.1994 － ６９１５.００（1/Ｔ）

log P = 11.9250 － 6318.4l(l/T)

log P = 12.1977 － 6318.68{1/T)

log P =11.6535 － 6185.57(1/T)

log Ｐ＝　６.０７　　－2664.0 (1/T)

log Ｐ＝　9.20　　－ 4533.5 (1/T)

log P= 8.68　　－ 2695.5 (1/T)

log Ｐ＝　７.５０　　－3475.5 (1/T)

- 3３ －
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Two curves　show the hydrogen

pressure vs.　tempera七ure ａ七七wo relative hiamidities of hydrogen, where

rela七ive humidi七ies　of hydrogen are compu七ed from the dissociation

pressure　of NaH, which is　１００％　humidity of hydrogen.

linear　lines show七he　frac七ion, f, defined by ｆ＝ｎ

gas―phase　enthalpy, h, where　"He °2.69 ×１０
１９
ｃｍ‾３

０゜Ｃａ七１ａ七m) in七his figure.
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Four curves show the hydrogen

pressure vs.　七empera七ureat four rela七ive humidities of hydrogen, where

ｒｅ:La七ivehumidities of hydrogen are computed from the dissociation

pressure of CsH, which is　100 %　humidity of hydrogen.　　　Approxi mately

linear lines show the frac七ion, f, defined by ｆ°"h/"He　at several

gas-phase enthalpy, h, where　ｎＨｅ°2.69 ×1019cm‾３　(the density of gas at

0 <C a七１ａ七m) in七his figure.・
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alkali　hydrides and deutrides　as functions of tempera七ure Ｔ in Table

３．３.64）　　Since the dissocia七ion of sodium hydride and cesium hydride

are especially importan七for the present work, we show 七heir

psychrome七ric char七ｓ　in Figs.　３．１ ａｎｄ３．２ｊ）

　　　　These psychrome七ric char七ｓ２）ａｒｅｃｏｍｐｏｓｅｄof two kinds of lines.

One　is　thecurve of the hydrogen pressure vs.　temperature at several

rela七ivehumidi七ies of hydrogen, where relative humidities of hydrogen

are compu七edfrom the dissociation pressure of alkali hydrides, which is

100 % humidity of hydrogen.

f＝ｎ
　　　H2

The ｏ七her is the　fraction, f, defined by

／ｌ｀１Ｈｅａｓａ function ｏｆ七empera七ｕｒｅ，ｗｈｅｒｅｎＨ２　and "He represen七

七he densities of Ｈ２　andHe,　respectively

density 2.69 χ１０‘cm
-3

９ and in our calculation, the

（七he density of gas at 0°C at 1 atm) is used as

ｎ　, because relatively high pressure of He gas was used as ａ buffer gas
　He

in our　experiment.　From Eq. (3.6) shovm below, when the gas-

phase enthalpy, h, is　cons七ａｎ七,the　frac七ion, f, becomes　approximately

ａ linear function of temperature　as　shown in Figs.　３．１　and3.2.

gas-phase　enthalpy, h, is calcula七ed from ･七heenthalpy for ａ helium

atom, h(He), which is given by ａ heat capaci七y at constant pressure

and that of hydogen gas per Ｈ２　molecule,h(H2),which is obtained from

七he　thermodynamic properties ｏｆ七he　ａ:Lkali一hydrogensystemﾀ８)　　　In

the　sodium-hydrogen system,七he gas-phase enthalpy, h, are given by

ｈ＝ｈ(Ｈｅ)＋ｆｈ(Ｈ２)

一

一 5.92×１０‾２　十　2.17×１０‾４ Ｔ＋ｆ(:L.256 － 8.02×10‾4

- ３６－
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where Ｔ is ａ temperature　in　"C.　　　Because of the　low ｈｅａ七capacity

of condensed CsH crystals　compared ｗｉ七h the ｈｅａ七〇ｆdecomposi七ion of

the crys七al, h remains very nearly constant during七he　decomposition,

so　that ｈ may be given by　the enthalpy of the dry gas before　七he

crystals have decomposed.　　　Consider, as an example, a sodium cell

containing hydrogen gas of about １　Torr and helium gas　of 760 Torr at

o°c.　　　The　frac七ion ｆ is　１．３parts per thousand in this case.

Suppose　that　the cell　is main七ained ａ七325°C where, according to

Fig.　3.1, the relative　humidity　　is　about 10 %.　　　　When the NaH

crys七al begins　七〇 evaporate　ｉｎ七〇 surrounding buffer gas,七he七emper-

ａ七ure decreases　along the　line of cons七ant gas-phase　enthalpy i.e.

the　line of the fraction, f, which　is　ａ function ｏｆ七emperature, until

七he Ｈ２　pressure reaches　its　saturation value.　　　工n this　case we see

from Fig.　３．１　ｔｈａ七七hegas　temperature will　drop　七〇３０００Ｃ，ｓｏ七hat the

total　cooling is about 25°C。

　　　　　:[ｎFig.　3.3, we show 七he energy diagram of sodium-hydrogen ｓｙｓ七em

and　cesium-hydrogen system. These　ｅｎｅｒgltj7゛69‾72ﾑｆ sodium-hydrogen

system and cesium-hydrogen system will　be used　in　the　following

sections.　　　　Here, it is　impor七ant　ｔｈａ七　thealkali hydride gas (MH) has

the　higher energy position than　七hat of the　alkali vapor (M) and　the

hydrogen gas (H2) mixture　system, in ｏ七her wordｓ.　we must give energies

at leas七more than ０．２eV for NaH and ０．４eV for CsH to the Ｍ 十Ｈ２

system for producing MH molecules.

－３７－



Dｅ(ＭＨ)

Ｍ十
　　　－

＋Ｈ

　　　　　　　　Na

エーE = 4.39 eV

肌(H2)

　Ｓ

Fig.　３．３　　　Energydiagram of alkali-hydrogen ｓｙｓ七em.

used in　七he figure ａｎｄ七heir values　are as　follows.

工：工oniza七ion　energy

Ｄ：Dissocia七ion energy
　ｅ

Ｓ：Heat of vaporization
　　　　　　（ａ七ｂ・ｐ．）

Ｑ：Heat of forma七ion

　　　　　　（２５°Ｃ）

Ｌ：Ｌａ七tice energy

工(Na) =5.14 ｅｖ,３）

D (NaH)= 2.02 ｅｖＰ）

Ｊ

（Ｈ２）＝４.７４５ ｅｖ,ｄ）

Ｓ

Ｉ
Ｎａ）＝○．９２ ｅｖ,ｅ）

Ｑ（ＮａＨ）＝０.６０ ｅｖ,ｆ）

L(NaH) =8.76 ｅｖ,ｅ）

Ｅ：Electron affini七ｙof hydrogen atom

　Cs

3.14 eV

The　symbols

工(Cs) =3.89 ｅｖ,３）

D (CsH)= 1.86 ｅｖ,ｃ）
　ｅ

S(Cs) =0.84 ｅｖ,ｅ）

Ｑ（ＣｓＨ）＝０.８６ eV,
Ｏ

Ｌ（ＣｓＨ）＝７.０３ ｅｖ，ｅ）

E(H) =0.754 ｅｖｊ）

工七must be noted that some of these values have rela七ively　large

differences　in differen七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

・ 3８ －
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Fig.　３．４　　Energy diagram ｏｆＮａ．７３）　The　ioniza七ionlimit　is　5.14 eV.

The waveleng七hs (nm) which correspond七〇七he transitions between some

energy levels are also shown in 七his　figure.　　　　The　589.6 nm and

589.0 nm lines　correspond to 七he　transitions between 3S,　－ ３Ｐ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　乙

3S － ３ＰうI,which are called Di　and Ｄ２　lines, respec七ively･

乙 and

The　sum

of the elec七ronic　energy of 七wo ３Ｐ　exci七edａ七〇ms　ismarked by the

dashed line.
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Ｐ

74,75)

Ｄ

-

四

-

-

The ioniza七ion limi七is 3.87 eV

The wave:Lengths (nm) which correspond to the七ransitions between some

energy levels are　also shovm in this figure. Cesium Ｄ　lines are

894.3 nm and 852.1 nm lines which correspond to the tremsitions

ｂｅｔｗｅｅｎ６Ｓχ‾６Ｐχ
,ｌ
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工１１．　２．２　　　Spectroscopic Proper七ies

　　　　We show in Figs.　3.4 - 3.8 the spectroscopic data and energy

diagrams of Na, Cs, Na,, Cs2, and Ｈ２。

　　　　１ｎFig. 3.4, we show the energy diagram of Ｎａ．７３）Ｔｈｅmost　important

lines　for our experiment are　589.6 nm and　589.0 nm lines.　　　The

589.6 nm and 589.0 nm lines correspond 七〇　the　transitions between

３Ｓχ－ ３Ｐχand ３Ｓχ－ ３Ｐう４，ｗｈｉｃｈare　called D,　and Ｄ２lines, respectively。

　　　　工ｎFig.　3.5, we show the energy diagram ｏｆＣｓ．７４・７５）ＣｅｓｉｕｍＤ lines

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

ｂｅ七ween 6Si　－ ６Ｐ１　３．　　　We used other lines　583.9 nm, 601.0 nm, and
　　　　　　　　乙　　χ講

621.3 nm　　　for　　　the　laser excitation, which correspond to the

transi七ions between 6Pi - lOS,., ６Ｐχ‾８Ｄｙ °ｄ 6P3 - 8D5 .　　　We used

also　the Ａｒ十laser 457.9 nm line　警　　which can be absorbed by the

pressure broadened 459.3 nm and 455,5 nm lines (the　transi七ion between

6Si　－７Ｐ１　３), for excitation of Cs　atoms.
　　乙　　　乙ぶ

　　　　InFig.　3.6, we show the ｐｏ七ential　curves　ｆｏｒＮａ２.76）　　　The

dissocia七ion energy of the ground elec七ronic　state of Na, （ＤＯ（Ｎ３２））ｉｓ

0｡７３ eV or 5890 ｃｒＴｒｌ．７０）

chemical　reactions.

Ａｒ十

　　　Thisvalue will　be used in our analysis of

Since Na,　absorbs　well　the most lines of

laser, such as　the　line of 488.0 nm, molecular constants　and

spectroscopic properties of Na,　can well be ｓ七udied by using the　laser-

induced fluorescence techniques・

　　　　　工ｎFig. 3.7, we show the ｐｏ七ential　curves ｆｏｒＣｓ2.78）　　　The

dissociation energy of the ground electronic　state ｏｆＣｓ２（Ｄｅ（Ｃｓ２））ｉｓ

0.396　eV or 3197cm‾１．

- 41 －
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５
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－一一

(3S)_

The dissociation energy

ｏｆ七he　ground electronic　ｓｔａ七ｅof Na2(D (Naa)) is 0.73 eV or 5890
cm

Na2 molecules absorb well　the most lines of Ar十

at 488.0 nm.
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工ｎFig.　3.8, we show the potential　curve　of the Ｈ２　ground state

with七he vibrational　levels.

electronic　ｓｔａ七ｅ　of Ｈ２（ＤO

-1

The dissocia七ion energy

(Hz)) is 4,476 eV or ３６１０１ｃｍ‾１(Ｄ

　of the ground

(Hj = 4.745 eV

or 38269 cm

ｅ

This value will　be　also used　in our analysis　of

chemical　ｒヽeactions.

　　　　　The　life七imes　ofexci七ed states　of atoms　and molecules　are

imp or七ａｎ七factors　todetermine the rate of the　laser-induced chemical

reac七ion. We　ｌｉｓ七七he　七ypicalvalues　of these　lifetimes of ａ:Lkali

atomsﾊﾟmolecules, ' and hydrides 81,82)
.
Table ３．４ We　ｌｉｓ七also

in Table 3.4 the Einstein's Ａ coefficient, which is correlated　七〇　七he

life七ime. The broadening of spectrum due　ｔｏ七he buffer gas pressure

and Dopp:Ler effec七must also be considered　in　our experiment.

pressure　broadening of Na Ｄ　lines　are　　shown　　　in Table　３．５
83）

The

The Doppler　broadening△(full-width at half-maximum) is represented

as　follows

平戸耳瓦耳幻 (3.7)

where Ｍ is atomic weight, Vo is　the　center frequency, kg　is　七he　Ｂ０１七zmann

゛）ＤＯ； The dissociation energy which　is　designated as　the height of the

　　　　　asymp七〇七e(the beginning of 七he　continuum) above　七he　lowes七

　　　　　vibra七ional　:Level.

　　Dg； The dissocia七ion energy which is designated as　the heigh七〇ｆ the

　　　　　asymp七〇teabove　the minimum of poten七ial　energy curve.

　　These　dissociation energies are　shown　in Fig.　3.8.

４４ －
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levels.

70）

４
　
ｊ

口
　
（
―
）

A
ｏ
ｙ
ａ
Ｚ
ω

Ｒ (Å)

Potential　curve of Ｈ２　groundstate with the vibrational

　　Thedissociation energy of the ground electronic　ｓｔａ七ｅ

of Ｈ２（ＤＯ（Ｈ２））ｉｓ４°４７６eV or 36101 cぶ1 （De（H2）゜４‘７４５ eV or 38269 c�’1

- ４５ －



Table 3.4 (a) Lifetimes and total Ａ coefficients of alkali atoms.

(See Ref. 79)

(1) Sodium

state　　χＡ（ｘ10‾６ sec )

3Ｐχ

χ
χ
弘
％
Ｘ
χ
ｇ

Ｃ
Ｏ
４
８
釦
一
一
一
一
一
一
’
一
一
Ｓ

(２)

state

‰
≒
％
％
≒
‰
％

５
　
５
　
４
　
４
　
６
　
６
　
６

58.9

59.1

24.7

49.6

49.5

　9.44

　9.48

11.9

Rubidium

χＡ（ｘ１０‾６ sec )

　　　　35.6

　　　　37.5

　　　　12.7

　　　　11.9

　　　　19.5

　　　　9.13

　　　　9.16

(3) Cesium

state　　χＡ（ｘ１０‾６ ｓｅｃ‾１

‰
‰
‰
Ｄ
ｔ
‰
‰
へ

６
　
６
　
５
　
５
　
７
　
７
　
７

28.6

32.4

　1.０５

　0.73

17.6

　7.23

　8.25

Lifetime (xlO‘sec)

　　　1.７０

　　　:L.69

　　　4.05

　　　2.02

　　　2.02

　　１０.６

　　10.6

　　　８．４

Lifetime (xlO sec)

　　　2.81

　　　2.67

　　　7.87

　　　8.40

　　　5.13

　　11.０

　　10.9

Lifetime (xlO‘sec)

　　　3.50

　　　3.09

　　95.2

　１３７

　　　5.68

　　13.8

　　12.1

　　　　－４６－



Table ３．４　　(b)Lifetimes of alkali molecules　and hydrides.

Molecule　　　　　　　Lifetime (10 sec)

Na,(B'n)

　Ｋ２（Ｂｌｎ）

Ｒｂ２（Ｂｌｎ）

Cs,

リ

-v-lO

'x･２０

へ,1０

a）

ａ）

ａ）

ａ）

（ｎｏｔyet analysed electronic states)

ＣｓＨ(Ａ１Σ)

ＬｉＨ(Ａ１Σ)

ＮａＨ(Ａ１Σ)

へ,８５

ｂ）

へ,30

c）

･x,２３

ｃ）

a) Ref. 80　　b) Ref. 82　　c) Ref. 81

Table ３．５　　Pressurebroadening constant　Y(full-width)

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

Y (10-9rad ｓｅｃ‾１　ｃｍ‘3）

He

Ne

A『

D,

Ｄ2

Di

Ｄ2

Di

Ｄ2

Kr Di

　　　D2

Xe D,

　　　Ｄ２

3.55±０．０９

4.30 10.03

2.79土０.０５

2.53 ±0.03

5.56 ±0.04

4.22土０．11

4.83 ±0.09

4.73 ±0.11

5.83 ±0.12

4.94±０.１1

－４７ －
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The dissociation energy

of the　ground electronic　state of NaH (D (NaH)) is　1.92 eV
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｅ

(calcula七ion) or 2.02 eV (experimental extrapola七ｉｏｎ）.
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Fig.　３.１０　　Ｐｏ七ｅｎ七ial　curves　for CsH.
91）

８

85）

The calculated and

experimentally obtained results of the　low lying ｓ七ates are　shown.

The dissocia七ion energy of the ground electronic ｓ七ａ七ｅ　ofCsH （Ｄｅ（ＣｓＨ））

is 1.85 eV
91）（ｃａｌｃｕlaｔｉｏｎ）ｏｒ

1.８６ ｅｖ72）（ｅｘｐｅｒｉｍｅｎ七alextrapolation).
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constant, c　is the velocity of light, and Ｔ is　the temperature of the

Na vapor in Kelvin。

　　　　Many spectroscopic properties of alkali hydrides (for example

ＮａＨ,８４‾８８）ＣｓＨ?９‾９１）ａｎｄＲｂＨ９２’９３））have been reported since the first

report on NaH by Ｈｏｒｉ１９３０.94）　　However, the values of the dissoci-

ａ七ion energy of ground electronic state of alkali hydrides have not

been determined precisely yet, although they are the most importan七

quantity in chemical reactions.　　　For ｅχample, the dissociation

energy of NaH (De(NaH)) has been calcula七ed to be 1.88 eV
８７）ｏｒ1.79eｖ８６）

in multiconfiguration self-consistent-field (MCSCF) method and to be

1.92 eV in ｃｏｎｆｉｇｕｒａｔｉｏｎ－ｉｎｔｅｒａｃｔｉｏｎ（ＣＩ）ｍｅｔｈｏｄ,８５）ｗｈｅｒｅａｓｔｈｅ

extrapolation of the measured ground state vibrational　levels suggests

２.１２ｅｖ９５）ｏｒ２．０２．ｖｊｌ）

　　　　Since small　differences of the dissociation energy of alkali

hydrides would result in the large differences of rate of the chemical

reaction to produce alkali hydride molecules, the uncertain七ｙ of the

dissociation energy makes our detailed discussion difficult.　　　工ｎ

this　thesis, we use the latest results of NaH and CsH,which are shown

in Fig. 3.971）ａｎｄ Fig. 3.10.
９１）

　　　　工ｎ Fig.　3.9, we show the calculated results of low-lying molecular

states･of ＮａＨ．８５）　We use the values 1.92 eV （ｃａｌｃｕｌａｔｉｏｎ）８５）ｏｒ2.02 eV

(experimental　ｅｘ七rapola七ｉｏｎ）７１）ａｓｔｈｅ dissociation energy （Ｄｅ（Ｎ゛Ｈ））゜ｆ

the ground electronic state.
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工ｎFig.　3.10, we show the calculated results and experimentally

obtained results of the low-lying states of CsH.

1｡８５ eV (calculation)
91）

91）

We use the values

or 1.86 eV (experimental　extrapolation)'"'as the

dissociation energy (Dg{CsH)) of the ground electronic state。

　　　　　工ｎour experiment, not only the excitation of alkali　atoms　and

ｍｏ:Leculesｂｕ七also the exci七ａ七ion of Ｈ２molecules ｍｕｓ七be considered.

However, the excitation of Ｈ２molecules ｔｏ七he high electroni‘ｃｓｔａ七es

by visible light is energetically impossible and the excitation to the

high vibrational　states　in the ground electronic ｓ七ate by light does

not occur because of the selection rule. Therefore only the　colli-

sional　excitation of Ｈ２molecules　to the high vibrational　states with

excited alkali　atoms or molecules are possible.　　　Here, the vibra-

tionally excited Ｈ２molecule ｈ合ｓlong lifetime ９６）ａｂｏｕｔ８　）（１０‾５　secin

１０Torr of Ｈ２gas and abou七５　）（１０‾５　sec　in５００Torr of He buffer gas・

These　lifetimes are longer than that of alkali　atoms and molecules　in

七he excited elec七ronic states of abou七
･10

sec (see Table 3.4).　This
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一　　　　　　　　　　－

long lifetime of the vibrationally excited Ｈ２molecules will be dis-

cussed again in consideration about chemical reaction processes,

because七he reaction through the vibra七ional　excitation of Ｈ２　molecules

is　expected to occur under the high density of　Ｈ２molecules.
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m. 3

工n. 3. 1

CsH Laser Snow

Excitation of Cs Atoms and Molecules by Lasers

The　laser excitation of Cs atoms or molecules　is necessary for

producing CsH particles. We inves七igate experimentally the

excitation mechanisms of Cs atoms and molecules　in this subsection

The experimental　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 aluminosilica七e (Corning 1720) glass.　　The cell was

baked ａ七６５０°cin ａ vacuum ｏｆ１０‾６　Torrbefore filling with Cs　vapor and

２７Torr of Ｈ２（Ｗｅwill call this cell　”Ｃ－１”hereafter.　See Table ３．６at

page ６８．）。

　　　　The cell was placed inside an oven, in which the cell 七emperature

was　set about 340°C or changed from 250°C to 360°C, corresponding Cs

density being 9.12 × 1016　cm‾３ or from １．１×1016 to １．４×1017　cm

　　　　Weused an Ａμ　laser pumped dye　laser and an Ａｒ＋　laseras　exciting

light sources.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十

（ａ）　The dye laser：　The wavelength was tuned･ ａ七the transitions between

the　６Ｐstates and the ８Ｄ
I
ｏｌ｀９Ｄｙｓｔ３七とｓof Cs, i°ｅ°, 601‘Ｏ ° （６‰-8D)

or 584.5 nm （６浅－９ＤＩ）．　　Thelaser power was less than ７０mW

（ｂ）　TheＡｒ゛laser：　Withoutan 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　setupof excitation of Cs atoms and molecules.

Cs atoms and molecules are excited by the Ar .laser and/or 七hedye　laser

beams.　　　The　laser-inducedfluorescence　from Cs ａ七〇msor molecules

　is　detectedat right angles from laser beams by ａ photomultiplier

through ａ monochromator.
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line opera七ion) The　laser power was less　than ６００mW for multi-line

and was　less than　５０mW for single-line oscil:La七ion.

　　　　Weset the two laser beams colinearly so ｔｈａ七七hesimultaneous

irradiation was possible.　　　We used some combina七ions of the dye　laser

　　　　　　　　　　＋and the Ar　laser wavelengths･　　　These laser beams were　focussed and

applied to the cell, and their beam diameters ａ七the cell were abou七

１ ｍｍ。

　　　　The　laser-induced fluorescence　from Cs ａ七〇msor molecules was

detected at righ七angles from laser beams by ａｐｈｏ七〇ｍｕ１七iplier七hroughａ

monochroma七〇ｒ．　　　The resolving power of 七he monochroma七〇ｒ was about

１ nm.　　Figure 3.12 (a) and (b) show the observed spectra for the

excita七ion by the dye laser beams　at 601.0 nm and 584.5 nm, respec-

tively.　　　　Wecould see the fluorescence from some highly exci七ed

states which are not exci七ed by the dye laser beam directly。

　　　　Theobserved spectra excited by the multi-:Line Ar laser beam are

shown in Fig.　3.13.　　　We could also find ｔｈａ七thefluorescence from

high:ly excited atoms was increased in the experiment of七he simul七aneous

irradiation both of 七hedye　laserand Ar laser beams when two beams

were　overlapped within the cell.

　　　　Theseobserved results　can be explained by the following mechanisms

of the excitation。

　　　　Themechanism of the excitation by the dye　laser tuned ａ七６０１.０nm

has been reported already by Tarn et al?'７４'７５)ａｎｄYabuzaki　ｄαｊ．９７)

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

ｓｔａ七es‘of Cs atoms　excited by the　dye laser beam.　　　The dye　laser

waveleng七ｈ is　tuned ｔｏ（ａ）601.０ nm （６Ｐχ‾８ＤうQ）゜nd(b) 584°5 ｓ

（6Pう1－９Ｄと）．　　　The cell　temperature is about 340°Ｃ．
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Cｓ(7Dデ6PX)

　　697.5nm Cｓ(7Dぐ6Fk)

　672.5 nm

720 700

←入（ｎｍ）

680 660

Fig.　3.13　　The observed spectra of the fluorescence　from Cs?　and

Cs(7D) exci七ed by the multi-line oscilla七ing Ａｒ十

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

cell　temperature ａｂｏｕ七340°C.
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Fig.　3.14　　Energy level　diagram ｏｆＣｓ．７５）　　Themechanism of the

exci七ation to七he ８Ｄ３　stateby the　dye　laser beam at λ＝６０１.０nm
　　　　　　　　　　　　　　　沁

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

ａｔｏｍｓ，７４’９７）ｔｈｅparticle formation,　and the Dlasma formation.　　The

laser beam ttmed at 601.0 nm can excite Cs atoms　from the 6Pi　state to
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　乙

the ８ＤうIstate, but cannot excite　Cs atoms in the ground state to ６Ｐ乙

state.　　　So, we must seek some mechanism to produce relatively high

density of 6P,　atoms by the laser beam.　　　Tarn
ez aA.. produced that　　　　　　　　　　乙

the high population of Cs(6Pi.) atoms
is produced by dissociative ｏｐ七ical

　　　　　　　　　　　　　　　　　　　　　　乙

excitation from the ground single七and/or triple七ｓｔａ七ｅ of CS2　七〇ａ

repulsive excited CS2　state, which produces Cs(6P) a七〇ms　by direct

dissociation (Fie. 3.14), and also by the exci七ａ七ion to the bound state

of Cs,　and the succeeding collisional　energy 七ransfer. 工七is knovm ｔｈａ七

the C?2molecule has ａ structureless broad absorption band in the region

between　５５０and ６２０nm through which such dissocia七ive Cs,　excitations

are　　possible
127)

Tam 吐（此 .3）
proposed also ｔｈａ七七he accumula七ion

of atoms　in the 6P,　state is　facilitated by strong trapping of the　　　　　　　　　　　　　　河

atomic resonance radiation ａｎｄ七hat　laser-produced Ｃｓ（６ＰＩ）ａ七〇ms　are
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　乙

further excited to the ８Ｄ３　ｓ七ａ七ｅby　the ６０１.０nm laser light.　　　They　　　　　　　　　　　　　　　　　　　‰

also observed the fluorescence not only from ８Ｄ３　ｓｔａ七ｅbut also from
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　沁

neighbouring　　ｓ七ates ，　e.g.. 7D, which were considered 七〇be produced

by　collisional　transfer or cascades　from the ８Ｄ３。
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　沁

　　　　As described previously, we　excited Cs ａ七〇msby 七he laser beam

tuned at ６０１.０nm (6Pi^- 8D3/) or 584°５゛ｌ(6P3/-9D5,), and we observed the

laser-induced fluorescence from the 8D3, or the ｇＤなａｎｄalso from the

neighbouring states　£ind confirmed the existence of ａ七〇ms　in七hese
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highly exci七ed ｓ七ａ七es. Possib:Le　excitation mechanisms　七〇these

highly exci七ed ｓ七ates are as ｆｏ:L:Lows：

Cs,　十ｈり■* CS2*,

Cｓ7→■ Cs(6P) + Cs(6S),

Ｃ寸＋Ｃｓ(６Ｓ)やＣｓ２＋Ｃｓ(６Ｐ)，

Ｃｓ(６Ｐ)＋ｈり+ Cs(n L),

Ｃｓ(ｎＬ)＋Ｘ＋Ｃｓ(ｒｆ Ｌ' )＋Ｘ，

(3.８)

(3.9)

(３.10)

(3.11)

(3,12)

where　nL　is ａ highly excited state　　　８ＤうＳor ｇＤＳｇ　n'U　is　ａhighly

excited ｓｔａ七ｅexcept for ８Ｄχand ｇＤＳ，　such　as　, 7D, 8S, 9S, etc., and

Ｘ represents any atom or molecule　in the ground electronic ｓ七ate.

Process (3.8) is　the　laser―excitation of CS2　molecules　from the ground

electronic　state. Process (3.9) is　the

dissocia七ion of the excited ｓｔａ七eCs2 mo:Lecules, as　illus七rated　in

Fig.　3.14.　　　　Process (3.10) is collisional　energy transfer between

Cs ａ七〇ｍand excited CS2　molecule.　　　Process (3.11) is　the　laser-

excitation of Cs ａ七〇ｍfrom 七he　６Ｐstate to the highly excited ｓ七ate.

Ｆｏｒ七his process, it is required to tune　七he　dye　laser 七〇the corre-

sponding atomic　transition wavelength,　ｅ･９．　601.０ ｎｍ･within about

±０.０１　nmｏｒ±１０GHz of 七he　line center.　　　Process (3.12) is　the

collisional　energy transfer ｂｅ七ween七he excited Cs atom and any ａ七〇ｍ
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or molecule　in　the ground ｓ七ate.

　　　　　Themechanism of the excitation by the Ar laser beam at 457.9 nm

was　also reported by Tarn 吐（此．１）Ｕｎｄｅｒｔｈｅpresence of Ｈ２ａ七七he pressure

higher than ５０Torr, the pressure　broadenings of the second resonance

lines ａ七455.5 nm (6S,. - 7P3,) and 459.3°1 (6Si, - 7Pi.) are not so large

but it is enough to excite Cs　atoms　to　the ７Ｐｓｔａ七esby the 457.9 nm

line of Ar laser.　　　The mechanisms of excitation by the ｏ七her Ａｒ十

laser lines　at 488.0, 476.5,

McClintock ｃ±　ｃｕl.
98）

514.5 nm, etc. were reported by

Although there　is no atomic　absorption close　to

the wavelength of these laser lines, many atomic　fluorescence　lines were

observed.　　The intensities of ａ七〇micfluorescence from the ６Ｐand　５Ｄ

ｓｔａ七eswere found to b-e　linearly dependent on　the laser ｉｎ七ensity・

According七〇 McClintock e尤（此･,the ｐ(!jssibleprocess　is

Ｃｓ２（１Ｈ）＋Ｃｓ＋Ｃｓ（６Ｐ or ５Ｄ）＋Ｃｓ２（ｘ ｖｉｂ．）． (3.13)

This　process needs single-photon　for the excitation to Ｃｓ２（ｌｎ）．　　０ｎthe

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｌ

other hand, the ａ七〇mic fluorescence lines from 7D, 8D, 8S, etc. were found

to have more　七han　quadratic dependence on laser　intensity・

they　proposed　the following two excita七ion processes.

dissocia七ive excitation as

Ｃｓ２(１ｎ)＋ｈり→･Ｃｓ(６Ｐ)＋Ｃｓ(７Ｄ)，

　　　　Then

One　is　the

(3.14)

and　the ｏ七her　is　recombination of ionized　ａ七〇ms,which are　ionized via

collisions between ６Ｐatoms and excited CS2 molecules as
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Ｃｓ２（１ｎ）＋Ｃｓ（６Ｐ）＋Ｃｓ２（ＸＩΣ）＋Ｃｓ゛＋ｅ‾

工ｆthere are many excited atoms,七he collisional　excita七ion as

Ｃｓ゛十Ｃｓ゛゛ Ｃｓ驀驀十Cs(6S)十△Ｅ゛

(3.15)

(3.16)

is possible, where　Ｃｓ r゙epresents ａ Cs　atom in the excited state

6P, 5D, or 7S, and Ｃｓ蒼普represen七ｓ　ａhighly excited Cs　atom.

The quan七ｉ七ｙ△Ｅ　is　theenergy excess　for the reaction。

　　　　　Theexci七ａ七ion by 七he Ar laser operating on multi-lines　is

considered to be accomplished through both of atomic　and

molecular absorption processes ｍｅｎ七ionedabove.　　　We　found that

the intensities of atomic　fluorescence (工 ) at 672.5 nm

（６Ｐ３１･←7D3;) and 697.5 nm （６ＰうＳ・７ＤＳ）ｈａｖｅquadratic dependence on

intensi七y (I ) of the Ar"*"laser operating on multi-lines　in

the blue-green region, as　shown in Fig.　3.15.　　　We though七七ｈａ七七he

densi七ｙ 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 complica七ed excitation processes, such as Processes

(3.13) - (3.16).　　　But, as shown in Fig. 3.16 (a) and (b), in七ensities

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 a七〇msand molecules, respectively, in the　low densi七ｙ

region.　　　　However, in the high density region, we see ｔｈａ七七he

density of Cs(7D) is insensitive to the change ｏｆ七he densi七ies of Cs

ａ七〇msnor molecules.　　　This　result　can ｎｏ七be　explained from only

・ ６０－
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Fig. 3.15　　The　intensities of Cs atomic　fluorescence dp) at 672.5 nm

(6Pi *-7T)3,) and 697°5 nm (6P3, ゛７Ｄ¥）゛ｓ゛the intensi七ｙ（:I:) of the

Ar　laser operating on multi-lines. The cell　七emperature was　３０００Ｃ．

The　linear lines　in the figure have ａ slope ２ This means that the

fluorescence (工) has ａ quadra七ic dependence on the Ar laser intensity

（工Ｌ）’
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Fig.　3.16　　The　intensities of Ｃ６　ａ七〇mic fluorescence (I ) at ６７２‘5 nm

（６≒゛７Ｄう４）８「id ６９７°５“ｒｌｌ（６Ｐ%゛７Ｄｊ゛ｓ゛ｔｈｅ densities of (a) Cs and (b)

cs,.　　　　工n the　low density region,　the fluorescence shows (a)七he

quadra七ic　dependence on 七he densi七y of Cs　ａｎｄ（ｂ）ｔｈｅ　linear dependence

on the　density of Cs,.　　　Ｂｕ七, in the high density region, the fluo-

rescence becomes　insensitive　七〇the change of the densities of Cs　and CS2
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the Processes (3.13) - (3.16). Ｗｅ七hink, therefore,七hat　七hese

results　come mainly from the quenching processes　of Cs(7D) by Hj, which

involve　七he　energy transfer processes both with and without chemical

reac七ions, because we used the Cs　cell　containing Ｈ２　ａ七abou七２７Torr.

The detailed quenching mechanisms will be discussed in the next

subsection.

The simultaneous excitation by　七hedye　laser and　the Ａｒ十laser beams

must induce both mechanisms mentioned above.　　　The excitation by the

Ａｒ十　laserbeam produces Cs(6P) atoms　and the dye laser beam exci七es

Cs(6P) atoms　七〇Ｃｓ(８Ｄ)ｏｒＣｓ(９Ｄ)．　　　Thehighly exci七ed Cs atoms, such

as the　７Ｄｓｔａ七es,are produced by　the energy　七ransfer collisions　of the

Cs atoms　in the　８Ｄor 9D ｓｔａ七eswith atoms or molecules　in the ground

ｓ七ate (Process (3.12)).　　　Therefore　the atomic　fluorescence from

highly excited Cs atoms, such as　Cs　in the ７Ｄ　ｓ七ａ七e,becomes　large

when the Cs vapor is simultaneously excited to　the ８Ｄor 9D ｓ七ａ七esby

the　dye laser and the Ar laser beams.

工n. 3. 2 Quenching Collisions　of Exci七ed Cs Atoms with Ｈ２

Molecules

　　　　　Weconsider the effects of quenching collisions of excited Cs

atoms with Ｈ２molecules on the popula七ion of excited ｓ七ates of Cs　ａ七〇ms

ｏｒ七he　intensities of fluorescence originating from these states.　　For

simplicity, we restric七〇ur considera七ion to the direc七excitation of

Cs(6S) atoms七〇 Cs* ａ七〇ms　andthe　following collisional　excita七ion

- 63 －



Ｃｓ゛十Cs* -ﾀ･Cs**十Cs(6S)十　△Ｅ， (3.17)

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

Ｃｓ驀兼represen七ｓ　ａhighly excited Cs atom in the state such as　7D, 8D

or 9D.　　　There　are two quenching processes　as

Cs*{or Cs**)十H2　＋Cｓ　十H2（μ）十　△Ｅ，

Ｃｓ゛（ｏｒCs**)十Ｈ２ ４ CsH 十Ｈ十△E

(3.18)

(3.19)

where H2(^') represents　the vibrationally excited Ｈ２molecule.　　Process

(3.18) represents　the energy transfer from electronic to vibrational

and/or　to transla七ional energies, and Process(3.19)・represen七ｓ　the

collision leading to ａ chemical reaction.　　　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十ｈり-*■ Cs*.

(b) Cs* + Cs*りＣｓ゛゛+ Cs,

　　　　　　りＣｓ＋Ｈ２(ν)，

(ｃ)Ｃｓｆ＋Ｈ２{

＋　ＣｓＨ十Ｈ，

(d) Cs** +H2
ぐ

kd
Cｓ＋H2(ｙ)，

４･ ＣｓＨ十Ｈ，

- 6４ －
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where ＼ ｋ　, and ｋ

　Ｃ
ｄ
are ｒａ七ｅconstants of the processes

　　　　　The　densityof Ｃｓ驀驀isｄｅ七ermined by the following rate equa七ions

in　this　case.

毎

ニCs工‾ACs゛ nCs゛ b Cs゛‾kcnCs゛
ｎ咆゛

dnCs蒼蒼
一

一

ｋ
　2

b"cs* ‾ACs゛゛
nCs゛゛　‾kdnCs゛゛ "h. ゛

十（ACs゛十ｋｃ ＼ ）nCｓ゛‾ＢｎＣs工゜○

゛kd％2）゜kb

べ

s簑’

^＼s

＼s*

工

十ｋcｎH2

- ６５ －

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

　　　　　　　ｄ七

ｗｈｅｒｅｎＣｓ
゛
ｎＣｓ゛ ｎ゙Ｃｓ゛゛ a゙nd "h. are densities of Ｃｓ C゙s*, Ｃｓ゛゛ a゙nd Ｈ２ r゙espec-

tively,　Ｂ　is an Einstein's B coefficient,　^Cs*　and ＡＣｓ゛１ｆ　areEinstein's

Ａ coefficien七ｓ　for Cs* and Ｃｓ驀兼, respectively, and工　is the energy

density of light per unit volume　and unit frequency.　　　　工n the ｓ七eady

ｓｔａ七e, Eqs. (3.21) and (3.22) are reduced to

kbn
j

s゛

nCs゛驀 (ACsｆ蒼

工ｆthe density of Ｈ２　is much higher　than　that of Ｃｓ゛（ｎＨ２＞＞ｎＣｓ゛)and

ｋｂ　is about the same order of magnitude as K ゛ｗｅ can ignore l^b"Cs*　in

Eq. (3.23).　　　In such ａ case Eqs. (3.23) and (3.24) become

ｎＣｓ驀゜



ｎ

Ｃｓ゛゛゛
゜

kbB2njs工2

(3.26)

CS兼兼
＋
kd％2） CS゛

十k n
　　Ｃ　Ｈ２

When the rate constants and the density of Ｈ２　are　constant, the density

of Ｃｓ兼兼has　ａ quadratic　dependence on 七he density of Cs　and the　light

ｉｎ七ensity.　　　　　　　　　　　　工ｎexpeimen七ｓ　　the　　densities of Cs and Cs,,

ｉ°ｅ‘　"Cs　and "CS2　゛can be varied by changing the cell　temperature°

工七must be ｎｏ七ed that 七he　densi七ｙ of Ｈ２　andｒａ七ｅconstants have also

temperature dependences.　　　The change of the　density of Ｈ２　can be

estimated from 七he psychrometric　chart described　in section　工Ⅱ。2, but

the ｒａ七ｅconstants　can not easily be　ｅｓ七ｉｍａ七ed.　　　Therefore　it　is

difficult七〇 discuss the dependence of atomic　fluorescence　from Cs**

(in the ７Ｄｓ七ate in our experimen七）ｏｎ ｎ
Cs ゛ "H. ゛

and the rate cons七ants,

quan七itatively.　　　　However, we can discuss　it qualitatively as　follows・

The density of Cs a七〇ms　increases ｗｉ七ｈ七emperature.　　　The densi七ｙ of

Ｈ２　molecules and 七he ｒａ七ｅ　constan七ｓ also　increase with temperature.

Therefore,　from　　　　Relation (3.26),　we　can suppose that ｎＣｓ。。is

proportional　七〇
2　only　in

七he　ｌｏｗ七empera七ure ｒａｎｇｅ（ＡＣｓ゛゛＞＞ｋｄｎＨ２　and

ＡＣｓ゛＞〉　ｋｃｎＨ２）゛ｂｕｔｎＣｓ゛゛might not be propor七ional　to
2　in the

high

temperature range (A Ｃｓ゛゛`ｋｄｎＨ２　andＡＣｓ″゙ｋｃｎＨ２）゜

　　　　　When there are no Ｈ２ molecules　in the Cs　ｃｅ:LI, i七is　apparen七from

Relation　(3.26) tｈａ七ｎＣｓ゛゛is proportional　to "I ’　　　Therefore,

if the　deviation from the quadratic dependence of "Cs** on "Cs is　large ゛

such as　in our experimen七described　above　, it can be said that the CsH

or H2(v) molecules are produced by　　　　Reactions (3.20) (c) and (d).

- ６６ －



m.　３．３　　　CsH Particle Formation by Lasers

　　　　　As　described already, the first observa七ion of alkali hydride

ｐａｒ七icle　forma七ion by　ａ laser beam was reported by Tam　eA: cU}? i。1975,

where　they used　the Ar laser 457.9 nm line as　the exciting ligh七. Since

then several　observations of laser-production of CsH particles have

been ｒｅｐｏｒｔｅｄ,２‾４）ｉｎｗｈｉｃｈｔｈｅｅχｃｉ七ａ七ion schemes of Cs ａ七〇ms　or molecules

are different from the　first experiment.　　　　工ｎ 1977 Tarn ｅ．ｔｃＬ３）

reported七hat　the CsD particle formation was　observed when Cs vapor was

excited by dye　laser tuned at 601.０ nm 工n 1980 Picque良心．４）

reported the production of CsH particles by the exci七at ion ａ七455.5 nm

and 459. ３ nm, which correspond 七〇the second resonance lines　of Cs　atom

from the ground　state ６Ｓ乙七〇　the７Ｐう４and 7P, states.　　　工n 1978 we also

observed the CsH particle　formation　in the　experiment where the　dye laser

beam　tuned at 601.0 nm was applied 七〇　theCs　cell containing Ｈ２　ｇａｓ・

Since　七hen we have changed　the laser wavelength and observed the

ｐａｒ七icle　forma七ion by exciting Cs atoms　to　the 8D, 9D, and １０Ｓｓ七ates

by means　of ａ dye　laser beam.　　We found also　that the particles　are

produced by the　excitation using the Ar laser　lines ａ七457.9, 476.5,

488.0, and 496.5 nm.　　　工ｎ this　subsec七ion we describe our experiments

of laser-produc七ion 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

ａ６　cmlength, which　was　made of alkali-resistant aluminosilicate

- 6７ －



‘　OVEN

,Cs　CELL

Ａｒ゛LASER　OR

DYE　LASER

Fig.　3.17　　Ｅχperimental　ｓｅ七upof CsH laser snow forma七ion.

The　cell　used　was　made of alkali-resis七ant aluminosilica七ｅ

(Corning 1720) glass.

Table　３．６　　Conditions of Cs cells used in our experiment and

results of experiment of particle　forma七ion.

The symbol　”ｏ”indicates　七hat particle forma七ion was observed.

and the symbol　”ｘ”indica七es　that it has ｎｏ七been observed.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｅχｃｉ七inglight source

Cell　No

Ｃ－１

Ｃ－２

‰ (Torr)　　Ｐ　　　　　　　　　　He

７
　
　
４

２

（Ｔｏｒｒ）

０

５５０

●

Aｒ十
laser　　Dye laser

χ　　　　　　　　　○

○　　　　　　　　　○

６８ －



(Corning 1720) glass and baked ａ七650°C　in ａ vacuum ｏｆ１０‾６　Torrbefore

filling with Cs vapor.　We used two cells;　one　containing Cs with　２７Torr

of H, (cell No. C-1) and the other containing Cs with ４ Torr of Ｈ２and

５５０Torr of He (cell No. C-2).　　　Here, 550 Torr of He was used as ａ

buffer gas.　　　　工ｎTable　3.6, we show the conditions ｏｆ七hese cells

and the results　of the experiment of particle　formation.　　　When the

baking was not sufficient, we could not observe the ｐａｒ七icle　forma七ion.

This must be due　七〇　thepresence of NazO on　the surface of the walls,

which reacts quickly with H,, resul七ing　in ａ considerable decrease of

Ｈ２　pressure。

　　　　　Thecell was placed　inside an oven and　the cell　七emperature was

changed from room temperature up　to ａｂｏｕ七３４０°C,corresponding Cs

density is from　５）（1010　七〇９×1016　cm　　　　工n the experimen七，ａ

particular ａ七七ｅｎ七ionwas paid on the　temperature distribu七ion to avoid

七he　convection ｗｉ七hinthe 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　inciden七laser beam, the small　particles

become visible.　　　As mechanisms of the particle forma七ion are

different for different excitation　　schemes ，　　we have　to discuss　the

particle formation for each case。

　　　　　Whenwe used the dye　laser beam as an exciting ligh七, we could observe

七he　ｐａｒ七icle　formationonly　if the dye　laser wavelength was　tuned ａ七

601.0°l（６Ｐχ‾８ＤうS）’621’3 ° (6P3, - 8D5,), 584°５°1 (6P3- - 9Dと）’

583°9°1 (6Pi. - 10Si.), and 603.4°1 (6P3/ - lOS,.), finely°　　We used

69 －



七he Ａｒ十 laser pumped dye　laser (Rhodamine 6G), whose oscillating

wavelength range was　from ５７０to ６４５nm.　　　　The spectral width (full-

width at half －maximum) of this　dye laser was　less　than ４０GHz;

presumably, about 10 GHz　ａ七１００mW of outpu七power・

　　　　We　have observed七he particle　formation at the　tempera七ure higher

than 175°C by using the Cs　cell　Ｃ－２containing Ｈ２　at4 Torr and He ａ七

５５０Torr.　　　The wavelength and the power of the dye　laser beam were

６０１.０nm 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 ａ七temperature of about ２６０°Ｃ．　　　Figure　3.18shows　the

ｐｈｏ七〇graphshowing the ｓｃａ七七eringof the laser beam from the produced

ｐａｒ七icles.

and Ｐ ｚ ７０ mW

The experimental　conditions were　T = 261°C,λｚ 584.5 nm,

　　　As　the　tuningof the dye　laser at these wavelengths

is necessary for producing particles, there　is no doubt that七he parti-

cle forma七ion is related to the transi七ion from 七he　６Ｐstates七〇the

highly exci七ed ｓｔａ七esof a Cs　atom.　　　When we used 七he　cellＣ－１

(Ｐ　＝２７Torr), the particle　forma七ion was also observed when the　temper-
　　Ｈ２

ature was about 300°C and ａ七七helaser power about 250 mW.　　　Finer

tuning to the transition wavelengths　than the case of the　cell　Ｃ－２was

required.　　　These resul七ｓ　are explained as　follows.　　　As　there　are

less pressure broadening of spectral　lines of ａ Cs atom　in 七he cell　C-1,

七he finer 七uning ｏｆ七he dye　laser is necessary七〇 excite　Cs atoms　to

high:1-y exci七ed ｓｔａ七es.　　　Moreover, as excited Cs　ａ七〇msand produced

CsH molecules diffuse from laser beam rapidly in the　low buffer gas

● 7０ －



pressure　condition, i七is necessary 七〇produce more Cs* and CsH　七han

those required　in the higher buffer gas pressure. 工七has been also

observed with the naked eye　that the particles　in Ｃ－１　wasmoving faster

than those　ｉｎ･C-2.

When we used　七he Ar十 laser beam at 457.9 nm　line, we　could　also observe

the ｐａｒ七icle　formation in 七he cell　Ｃ－２ａ七temperature of 240 °C and at

七he laser power of ａｂｏｕ七５０mW even　if the laser beam was expanded to

about １５mm　in diameter.　　　However, we have not observed the

particle　formation　in the　cell　Ｃ－１　yet at ＴＳ３５００Ｃ　andat　abou七２００ mW

of the Ａｒ十laser power even　if 七helaser beam has been focussed by ａ lens.

As described in　工江.3.1,　七he　excitation of Cs　atoms by　the Ａｒ十　laser

457.9 nm line　is made　through the　far wing of the pressure broadened

lines at 455.5°１（６≒‾７ＰうS）３１１ｄ ４５９
°
３・r71（６≒‾フPy), the ｌ｀３七ｅof the

exci七ation 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 七he　cell　C-1. The other reason　is　ｔｈａ七七he faster

diffusion of excited atoms　and produced CsH molecules　in　the ｃｅ:LI　ｗi七hout

buffer gas These七wo effec七ｓ require more　Ｃｓ a゙nd CsH　七〇be produced

in order　to produce CsH particles　as　described　above.

　　　　Theｐａｒ七icleformation　in the　cell　C-2 by　the dye　laser and Ａｒ十

laser beams have different　threshold laser power densi七ies.　　　We can

observe　the particle forma七ion by broad Ar laser beam ａ七457.9 nm,

whereas we ｍｕｓ七focus the dye laser beam 七〇〇bserve 七he ｐａｒ七icleformation

This　is because the highly exci七ed Cs ａ七〇ms,which react with Ｈ２　and

- 71 －



OVEN

【二二二コーFILTER　V-Y48
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Fig.　3.19　　Observation setup of ｗｈｉ七ｅlight sea七七ering 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　exci七ation (七wo-

ｐｈｏ七〇ｎprocess) in the case of the dye　laser beam。

　　　　Asａ 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 Ｓｃａ七七eringof the white light can be taken.

As　shown in Fig.　3.19, the white　ligh七beam was applied to　the cell

from the opposi七e direction to the Ar laser beam, which overlapped

to　each other within 七he cell.　　　Ａ filter V-Y48, omitting the

wavelengths shorter than 480 nm,　was used to eliminate　七he Ar十

laser 457.9 nm line.

is　shown　in Fig.　3.20

Ａ photograph of　the　particles

　　　　　　The　diameter　of　the

whi七ｅ　lightbeam was　about 10 mm　and that of the Ar十 laser beam was

about １５mm.

power was　２１０mW

The cell　temperature was 334°C and the Ar十 laser

　　　　　Wecan see　the　stripes　in the cell　from Fig.　3.20.　　These　stripes

move downwards　about ｌ　mm/sec, and cause　the oscillation of the

scattered light intensity.　　　　This phenomenon was observed also by　Tam

吐（:Ｚλ．３）ａｓａｎoscillation of the　ｓｃａ七七eredligh七intensities　from the CsD

particles produced by the dye　laser 601.0 nm line.　The oscillation is

now understood as　follows ．　　　The　density of laser produced ＣｓＨ（ｏ『

ＣｓＤ』molecules builds up rapidly in the vicinity of the laser beam

until　the supersatura七ion of CsH (or CsD) molecules　leads　七〇 nucleation

of CsH (or CsD) crys七als.　　　When sufficient CsH (or CsD) crystal

７３ －



nuclei　are　formed, they act as efficient sinks　for the　laser-produced

CsH (or CsD) molecules, and depress the CsH （ｏｒCsD) molecular densi七ｙ

enough　to preven七further formation of nuclei.　　　The nuclei grow

rapidly due to accre七ion of laser-produced CsH (or CsD) molecules and

they begin to fall　dovm from the　laser beam.　　　The density of CsH

（ｏｒCsD) molecules builds up rapidly and ｎｕｃ:Leation of CsH (or ＣｓＤ）

crystals may take place again

produc七ion of particles.

When we used the Ａｒ十

This　leads　to the oscilla七ion in

laser operating at 476.5, 488.0, and 496.5 nm,

we could also observe　the ｐａｒ七icle　formation ｉｎ七he cell　Ｃ－２ａ七七he

temperature　240°C and at the laser power of ８００mW This　is because

these　lines can excite Csz molecules　and produce the highly excited

states　ofａ七〇msand 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

Ⅱ工, 3. 4 Spectroscopy of CsH Molecules

As ｍｅｎ七ionedalready,七he laser-produced particles　described　in

this ｓｅｃ七ionare　considered to be CsH crystals.

Tam 吐（此．１）七hereasons are as follows：

According七〇

（１）　The presence of gaseous hydrogen is necessary for particle

forma七ion, and ｇｅ七七eringit out resul七ｓ　in no particle　formation.

7４ －



(２)　Ａwhite deposit forms　on the cell wall　in ａ vertical　line　just

below the poin七〇ｆ exit of the laser beam.

(３)　:[ｆａ 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 fluorescen七lines ｏｆ七he CsH.

　　　　Ｐｉｃｑｕ＆就Ｊ）ａｎｄ Sayeｒ- 　Ｑｊt　ａｌ)Ｏ）　alsoreported七ｈａ七七hey observed

七he　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 七he　CsH

excited by the　Ar laser 457.9 nm line. The experimen七al　setup

is　shown in Fig.　3.21 The cells used were C-1 (P　＝２７ Torr) and
　　　　　　　　　　　　　　　　　　　　　Ｈ２

C‾２（PH
2
°４ Torr,　Phe　° ５５０Torr) , which we ｍｅｎ七ioned before.

The　low pass filter V-Y48 was used in order 七〇　elimina七ｅ　the strong

ｓｃａ七七ered 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－ ３６００Ｃ　inthis experimen七．　　　The observed

laser-induced fluorescence　of CsH and CS2　in Ｃ－１　are shown in Fig.　3.22.

As　there was ａｌｉ七七１ｅback ground light, we subtracted the back ground

ｆｉヽomｄｅ七ected signal and obtained the molecular fluorescence of CsH and

CS2.　　　The　fluorescence of CsH at　λｚ 499.12 nm and　λｚ 496.48 nm

shown in Fig.　3.22　correspond七〇七he　七ransitions of

Ａ１Σ゛い^'=19, J≒１０）→･ＸＩΣ゛（に＝２，Ｊ″= 11) and Ａ１Σ゛（に=19, J'= 10)。

Ｘ１Σ゛(1/"= 2, J″= 9), respectively.　　The laser power dependence of

the　observed laser-induced fluorescence　is shovm in Fig.　3.23, where

● ７５ －
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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 elimina七ｅ　七heｓ七rongｓｃａ七七eredlight of 457.9 nm laser line by　the

produced particles.

CsH ＡＩΣ゛(v'=19.J'=10)

　　→XIΣX V".｣″)

　A76.70「v"=1.」’

A79.21「v-=1.」-=11)

A99.12「v-=2,」"=11)

　　　U96.A8 (v-=2.

540 520
　　←入(nm)

500 480

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

by　the At laser 457.9 nm line ａ七２００ mW.　The cell C-1 (P = 27 Torr)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｈ２

was used and the cell 七emperature was　360°C.

- 76 －



（
ト
ー
Ｚ
「
一

．
ｍ
一
に
く
）

100

1 ０　
Ａ
ｉ
ｌ
Ｓ
Ｎ
３
ｉ
Ｚ
一

１

10 　　　100

LASER　POWER(ｍＷ)

1000

Fig.　3.23　　Laser power dependence of the observed laser-induced

fluorescence　of Cs,　ａ七　the　cell　Ｃ－２（Ａ），ＣｓＨａ七七he cell Ｃ－１（Ｂ），

and CsH ａ七七he cell Ｃ－２（Ｃ）

as　follows.
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Ａ shows　the　fluorescence of Csz　observed in the cell　Ｃ－２and Ｂ and Ｃ

show the fluorescence　of CsH observed in the　cells Ｃ－１　andＣ－２，

respec七ively.　　　　InFig.　3.23, the　lines Ａ and Ｃ can be expressed by

the　linear lines with ａ　slope :Ｌ　andthe line Ｂ has ａ slope 1.5.　The

experimental　conditions　for A, B, and Ｃ　inFig.　3.23 are as　follows.

The　cell　tempera七ure was　３０００Ｃfor　七he　line Ａ　and　340°C　for

the　lines Ｂ and Ｃ．　　　The resolving power of the monochromator was

１．５nm for the lines Ａ and C.and ０．３nm for the line Ｂ。

　　　　From the consideration of the excitation mechanism of Csa, we

expected　that七he　intensity of the　fluorescence of Csz　is proportional

to　the　excitation laser power, which has been confirmed by the　fact

七hat the　line Ａ has ａ slope １．　　The　intensity of the　fluorescence

of CsH had been reported to be proportional　to　ｔｈｅうＳpower of the

incident laser intensity by Tarn ｅえｃ此!・89）ａ七七hepressure between ３ Torr

and ５０　Torr of Ｈ２　inthe　cell.　　　They considered that the　CsH

molecules are produced by 七he　laser light a七ａ ｒａ七ｅpropor七ional　tｏ七he

laser ｉｎ七ensity and are ｄｅｓ七royedmainly by ｃｏ１:Lisionsｗi七ｈother CsH

molecules.　　　　Such collisions　lead ｔｏ（ＣｓＨ）２　dimers,and hence　the　CsH

concentra七ion is proportional　to the square root of七he laser ｉｎ七ensi七ｙ・

This　implies tha七七he intensity of the fluorescence from ＣｓＨ゛is

propor七ional　to theうＳ power of the　laser intensity.　　　　This　is

consistent with 七he slope of the line Ｂ showing the　intensity of the

fluorescence of CsH shown in Fig.　3.23.　　　Ｂｕ七,for七he case C, the

ｉｎ七ensity of the　fluorescence of CsH, which was　observed in the cell Ｃ－２，
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was proportional　七〇the　incident　laser power. This means　七ｈａ七七he

densi七ｙ of molecules or ａ七〇ms　to be exci七ed　is　independen七〇ｆ七he

incident laser power such as　for　the case of Csz But this　is not

true for the case of CsH because CsH molecules　are produced by the

inciden七laser beam.　　　We　七hink七his　is explained as　follows：　The

production of CsH ｐａｒ七iclesconsumes CsH molecules and make the densi七ｙ

of CsH molecules　constan七, and hence　七he　intensity of fluorescence of

CsH becomes propor七ional七〇　the inciden七laser power。

　　　　　Fromthese experimen七al　evidences of existence of CsH molecules and

the microscopic observation of exis七ence of crys七als, the　laser-produced

particles　are considered now to be CsH crystals when 七he cell　七empera-

ture　is relatively ｌｏｗ（Ｔく２７０・Ｃ）．　　However,at relatively high

temperature Ｔ＞３３００Ｃ，ｔｈｅｓｅ　laser-producedｐａｒ七iclesare considered to

be mainly Cs drople七ｓ because　　　　CsH crystals may be decomposed　ｉｎ七〇

Ｈ２gas and Cs metal　ａ七七his　七emperature.

:[n. 3. 5　　　Discussions

　　　　.We have described the　experiment of laser-produc七ion of CsH

particles and its relevant experimen七ｓ　such as　spec七roscopy of excited

Cs atoms, Cs2 molecules, and CsH molecules.　　　工n this　subsection, we

discuss　the chemical　processes of laser-produc七ion of CsH molecules.
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　　　　Detailesof chemical reactions may be different for the energies

and states of exci七ed Cs　atoms reacting with Ｈ２molecules, and there

are several　excitation mechanisms as mentioned already.　　　　But　it

has been considered 七ｈａ七thesechemical reactions can be broadly

classified as ａ direc七reaction and an indirect reaction.

　　　　Ｔａｍ良心proposed the direc七reac七ion of Cs* and Ｈ２　whichis

expressed as

Ｃｓ゛十H2　・Ｃｓ十Ｈ

Sayer ei aJ_

10）

(3.27)

proposed the　indirec七reac七ion of Cs* and Ｈ２　or the

reaction of Cs　and H2{v/), which is　expressed as

Cs* + H2 + Cs十H2( I/),

Ｈ２(ｙ)＋Cｓ ， ＣｓＨ＋Ｈ.｜

(3.28)

From quanti七ａ七iveexperiments, Saver eにｄ． found that the rate

coefficient of CsH forma七ion is proportional七〇the densi七ies of Cs(7P),

H2, and Cs　in the ground state, and tha七七he reac七ions can be summarized

as follows：

Ｃｓ（７Ｐ）＋Ｈ２＋Ｃｓ＋　ＣｓＨ＋ｏｔｈｅｒproducts.

- ８０－
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They guessed Reaction (3.29) is realized by 七he processes as

Cｓ(７Ｐ)＋H2→･Ｃｓ(6S)＋Ｈ２０)，

Cｓ(6S)＋H2(○ ， CsH ＋Ｈ

But we note　the direct processes

Ｃｓ（７Ｐ）＋Ｈ２→･ＣｓＨ＋Ｈ，

Ｃｓ（６Ｓ）＋Ｈ＋Ｘ ４，CsH -,-χ

(3.3)

(3.4)

(3.1)

(3.2)

where χΓepresents　any ａ七〇ｍor molecule　in　七he ground elec七ronic　ｓ七ate,

are also consistent with Reaction (3.29).

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　100,101When the Ｈ２pressure is higher than ａ few Torr,　　臨ｅ quenching

of Ｃｓ゛ by Ｈ２　is faster than the　lifetime　of Cs(7P) (-10 sec)

(see　Table 3.4) so that Cs* decays mainly by quenching due 七〇Ｈ２・

Moreover the　lifetime of Ｈ２（ｙ）ｉｓ　ａｌｓｏｌｏｎｇ（－１０｀６　sec) as described

ｉｎ:I工I:.2.2,　　　so that the density of U2{v) becomes high.　　　　But about

only ｈａ:Lf of energy of electronic　ｓ七ate　is generally transferred　to

vibrational　state by ｃｏ１:Ｌｉｓｉｏｎｓ,１０２’１０３）ａｎｄso ｍｏｓ七〇ｆ Ha(i/)( V・= 3,4)

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

ａ七ion energy of CsH is 1.86 eV (D (CsH)), only few percent of H2(l/)(l/≧６）
　　　　　　　　　　　　　　　　　　　　　　　　　ｅ

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

H2（ｙ）（Ｅｑ.（3.４））. Anyway, since we have not known the reac七ion ｒａ七es
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for the processes (3.1) - (3.4), we　cannot tell which process, direc七

〇ｒindirect, is predominan七．

- 8２ －



I工I:．４　　　　　NaHLaser Snow

　　　　Wedescribe　the　laser-production of NaH ｐａｒ七icles(NaH laser snow)

in this　section. First of all, we describe　the exci七ation of Na

ａ七〇ms and molecules by lasers. Next, we　describe　the NaH laser snow

formation by　the excita七ion of Na2　molecules　and Na ａ七〇ms We

describe also　the experimental　evidence of the　dissocia七ion of the

produced NaH laser snow by the　ｃｏ:Llisionsｗｉ七hNa atoms　in七he

３Ｐstates.

工皿．　４．１　　　Excitationof Na Atoms and Molecules by Lasers

　　　　The　aimof our experiment of the excitation of Na atoms　and

molecules by different wavelength laser beams　is 七〇know how Na ａ七〇ms

and molecules are exci七ed by lasers and 七〇know which excited ｓ七ates of

ａ七〇ms　andmolecules produce NaH molecules.

　　　　Weused the Ar laser and the Ar laser pumped dye　laser as　the

exciting light source, bu七七he wavelength of 七he dye　laser was　differen七

from the case of Cs.　　　The experimen七al ｓｅ七up　isshown in Fig.　3.24.

The　cell used was cylindrical with abou七１．５cm i.d. and about 5 cm

length, which was made of alkali-resis七ａｎ七aluminosilica七e (Corning

1720) glass. 工ｎorder to　fill　the cell ｗｉ七h the pure sodium, we

diｓ七illedａ small　amount of sodium metal several times　in ａ vacuum of

about 10 Torr.　　　The cell was baked ａ七６５０℃ｉｎａ vacuum of

１０‘Torr for about 24 hours before　filling with Na vapor and with Ｈ２
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OVEN　　　Na
CELL
Ａｒ゛LASER　OR

　　　　　　　　　　　　　　DYE　LASER

　Ｏ　

　つ

-MONOCHRO-

　MATOR

PHOTO-

　　　MULTIPLIER

Fig.　3.24　　Experimen七al　setup　of the excitation of sodium atoms

and molecules.

568 　　　569

λ（ｎｍ）

Fig.　3.25　　Typical　spectra of the fluorescence　from the ４Ｄstates

to the ３Ｐstates of Ｎａ（λ= 568.3 nm (3Pi.・４Ｄχ）ａｎｄλ= 568.8 nm

（３Ｐう４゛４Ｄ‰5/))･ These fluorescence lines were observed when the　cell

七emperature was　278 °C and the cell, which was　filled only with Na,

was irradia七ed by the Ｄ２line (λ= 589.0°1（3‰‾3PI））゜
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and/or He gases.　　　The cell･ was placed in ａ transparent glass oven

which was carefully designed so ｔｈａ七七heconvection within　the cell was

minimized.

　　　　　Letus consider the　excitation of Na atoms by the dye　laser tuned

to one of the Na Ｄ lines.　　　It is well known ｔｈａ七the　intense dye

laser beam tuned 七〇 〇ne of the Na Ｄ　lines can excite Na atoms not only

to one of the ３Ｐ states but also　七〇　the other ３Ｐ ｓ七ａ七ｅａｎｄ七〇 highly

excited states such as　５Ｓ ａｎｄ４Ｄ．７３’１０４‾１０７）Ｔｈｅｔｙｐｉｃａｌ　spectraof the

fluorescence　from the ４Ｄ ｓ七ａ七es　七〇　the ３Ｐ states are shown in Ｆｉｇ･

3.25 One of the excitation mechanisms　七〇　七he highly exci七ed states

were reported by Allegrini　e± al'
73）

They considered ｔｈａ七七he

excitation to the highly excited ｓ七atesis due　七〇the collisions between

the　３Ｐstate atoms, i.e.,

Ｎａ（３Ｐ）＋Ｎａ（３Ｐ），Ｎａ（３Ｓ）＋Ｎａ（ｎｘ）＋△Ｅ， (3.32)

where nX represents ａ highly excited state ａｎｄ△Ｅis　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) 工n this model, this△Ｅ

　　　　　　　　　　　　　　　　　-１

is rela七ively large （△E =+700 cm ‘ for the level ５Ｓand △Ｅ一一６００cm

for　the level 4D).　　　Then, to remove　the difficulty of the large

energy defec七〇ｒ ｅｘｃｅｓｓ，Ｇｅｌｔｍａｎ１０８)ｓｕｇｇｅｓｔｅｄａｎｏｔｈｅｒmechanism for this

exci七ａ七ion, wherein he emphasized the　impor七ance 'ｏｆthe laser-induced

ionization or ｓ七imulated radia七ive Penning effec七　〇f the　３Ｐ state

- ８５ －



ａ七〇ms, i.e.,

Ｎａ（３Ｐ）＋Ｎａ（３Ｐ）＋ｈｖ→･Ｎａ（３Ｓ）＋Ｎａ゛＋ｅ‾

But, recently, Kopys七ynskａ ｅｔ　ai．
１０５）ａｎｄ

Krebs ei al!06）

(3.33)

have shown　that

the highly excited ｓ七ates of sodium atoms are produced by the energy

transfer collisions ｂｅ七ween３Ｐｓ七ａ七eatoms and suggested that　the

mechanism shown by Allegrini　ｅえ<xZ. is correct.

　　　　Next,　let us　consider the excitation of Na2　molecules by the Ａｒ＋

laser beam. 工七　iswell known that almost all　of 七he Ar laser lines

can exci七ｅ Na2 molecules from the ground elec七ronic　ｓｔａｔｅｘ１Σgto　七he

B^n, ｓ七ａ七ｅ。77,109-111)　　　　We made　the　experiments　on　the

exci七ａ七ion 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 Na2(がｎｕ)　state could be observed

ａ七exci七ａ七ion by ｍｏｓ七〇ｆthe Ar laser lines　excep七for 457.9 nm and

465.8 nm in our experiment.　　　The　typical　spectra of fluorescence　in

七he case of the　exci七ａ七ion by the Ａｒ十　laser488.0 nm line are shown in

Fig.　3.26.　　　The　fact　that we could not observe　the fluorescence

fro° Ｎ３２（Ｂｌｎｕ）　moleculesunder 七he　irradiation of the Ar laser 457.9 nm

and 465.8 nm lines　is　considered to be due to the low excita七ion

efficiencies and the　low ｉｎ七ensities　of these　laser　lines.

- ８６ －



　　　　The density of the excited Na,　molecules　is considered七〇 be

directly propor七ional七〇　the in七ensity of 七he Ar laser beam.

as we used 七he Ａｒ十　laseroscil:Lating on ｍｕ１七i-lines for ｐａｒ七icle

BＵ七，

forma七ion and changed　its　七〇talpower by changing 七he discharge current

of the Ar discharge tube,　the relative　intensi七ies of the Ar laser

lines were probably chcinged.　　　Moreover, the　efficiencies of

produc七ion of Na,(B 'Hu) molecules　are different in laser lines.

Therefore, strictly speaking, the density of Ｎａ２(ＢＩＨ u) molecules　is not

proportional to the total Ar laser　intensi七ｙ．　　　　Figure 3.27 shows the

intensi七ｙ of laser-induced fluorescence from excited ｓ七ａ七ｅ ｏｆＮａ２(ＢＩＨ)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｕ

(工Ｆ；λ=504.4 nm), in which we see　that the fluorescence　is almos七

　　　　　　　　　　　　　　　　　　　　　　＋

proportional　to the Ar　laser power工Ｌ。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

　　　　　We　intended also to exci七e Na a七〇ms　to highly exci七ed ｓ七ates by the

dye　laser beam, i.e., we applied　the dye laser beam at　λ=614.5 nm,

which corresponds 七〇七he　七ransi七ion between the　3Pi　ｓ七ａ七ｅ and the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　l

5S
V
s七ate, or 578°７ ｎｍタ　which has　ｊｕｓ七ａ half energy of ｔｈｅ七ransi七ion

　　　２

ｂｅ七ween七he 3S　state and 七he ４Ｄ state. When七he densi七ｙof Na(3Py)

is high, the 614.5 nm light excites Na atoms　in the ３ＰＸｓ七ａ七ｅ七〇　the5S起

state.　　　When the　578.7 nm laser light is strong, the　transition

between　the ３Ｓｓ七ａ七ｅand the ４Ｄｓ七ａ七ｅmay occur frequen七１ｙ by absorbing

two photons of the　578.7 nm light simultaneously.　　　　Since these　dye

laser beams can exci七ｅＮａ２ｍｏｌｅｃｕｌｅｓｔｏ七ｈｅＡ１Σｕｓ七ate, which produce

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　７６）Na(3P) by energy transfer collisions between Na,(A'Σu) and Na(3S)・　　we

could observe the ｓ七rong Di　and Ｄ２　fluorescence　．　　　However, we　could

- ８７－
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Na2
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入（ｎｍ）

５４０

Na D LINE
　589 nm

x‰

Fig.　3.26　　Typical　spectra of laser-induced fluorescence of Na2

excited by七he Ar laser 488.0 nm line.　　　The cell七emperature

is　２３０°Ｃ　ａｎｄ七heｃｅ１:Ｌｃｏｎ七ains　６２０Torr of He.
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(a)

(b)

LENS

Ar* LASER BEAM CELL

Fig. 3.28 (a) Experimental setup, and (b) a photograph showing the

Mie scattering of the At laser beam by the produced NaH particles.
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not observe the fluorescence from the　５Ｓand ４Ｄｓ七ates　inour

experiment.

II工. 4. 2 Particle Forma七ion by　the Excitation of Na,

　　　　Figure　3.28 (a) shows七he simple experimental　setup used 七〇

〇bserve the NaH ｐａｒ七icleforma七ion by the Ar laser beam.　　　工ｎ　this

experimen七, we did not select a ｐａｒ七icularline of the Ar laser　lines.

ｓｏ七hat about six lines were simul七aneously 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 Ｈ２

gas　of about 10 Torr and He gas of about 500 Torr, which was used as

ａ buffer gas.　　　　Weused　the high pressure of He buffer gas　to produce

more particles ａｎｄ七〇make‘七he movement of the produced particles　slow

enough to observe　individual visible-size ｐａｒ七icles,although the

ｐａｒ七icleformation could be observed　in ａ cell　ｗｉ七houtbuffer gas　as

described later。

　　　　　工七is noted ｔｈａ七七hecell should be baked out at a七empera七ure

higher than 650 °C,in ａ vacuum of abou七10 Torr, for about 24 hours

before　filling with Na vapor and with Ｈ２　and/orHe gases.　　　When the

baking was not sufficien七, we could ｎｏ七〇bserve　theｐａｒ七icleformation

This　ｆａｃ七ｍｕｓ七bedue 七〇the presence of NazO ０ｎthe surface ｏｆ七he

－91 －



walls, which reacts quickly with Ｈ２　and resul七ｓ　in ａ considerable

decrease of Ｈ２　pressure。

　　　　　Figure　3.28 (b) is　ａ ｐｈｏ七〇graph showing the strong Mie ｓｃａ七七ering

of the　Ａｒ十　laser beam by the produced particles,　which was　taken about

１５ sec　after the　irradiation, in the case that 七he　七emperature of the

cell was　２８０°Ｃand the　laser power was　about １ Ｗ．　　　Withinａ few

seconds　ａｆ七erthe laser irradiation, we could see　the produced particles.

The　largest par七ides　fell　dovm from the laser beam through gravity

with ａ velocity of about :Ｌmm/sec.　　　By equa七ing the　force of gravity

七〇the viscous retarding force of He buffer gas, we could estimate　the

size of the　largest particles　to be　about 1μｍ．

We measured the threshold Ａｒ＋laser power for the particle

formation by varying the　temperature of the　ｃｅ:LI　fromabout 245°C　七〇

２８５°Ｃwhich corresponds　七〇　the Na, density from １．４×1０11to １．１×10 cm .

Figure　3.29 shows the threshold Ar十　laser power ＩＴ６　forparticle

formation as ａ function of Naz　density ｎＮａ２゛which was　determined from

the measured 七emperature.　　　We　see　from Fig.　3.29　that the　threshold

condi七ion for NaH particle　formation can be expressed as

工Ｔｈ（Ｔ）ilNa

2

（Ｔ）゛ｃｏ“ｓ七

When the　satura七ion in absorption of the Ａｒ十

(3.34)

laser beam can be

neglec七ed,　the density of sodium molecules　in 七he B^nｕ　state　is　thought

－９２ －
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Fig. 3.29　　Threshold Ar laser power ^Th for particle formation

as　ａfunction of Na,　ｄｅｎｓｉｔｙｎＮａ２
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Fig.　3.30　　Potential curves　for Na,　and the dissociation energies

of NaH and Ｈ２．　　　Thedissociation energies of the ground state of

Naa (D (Naz)゜0.73 ｅｖ)･70)Ｎ８Ｈ(DO(Ｎｄ)゜1.95 eV),゜d H2 り〕0(雌)Ｌ
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are also shown.
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to be proportional　to the Ｉ
Th^Naz'

Consequently,七ｈ’ｅ

threshold Condition (3.34) shows　the ｆａｃ七thatwhen the density of

sodium molecules　in the B ^n u state reaches ａ certain value, the density

of the produced NaH molecules become　its ｃｒｉ七icalvalue n^gH for

condensation。

　　　　　工ｎthe presen七stage, the most probable chemical reaction to

produce the NaH molecules　is considered to be

Nａ２（Blnu）゛H2 ゛ 2NaH・ (3.35)

which is energetically possible as described below.　　　The energy

　　　　’　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　１relations are shown in Fig. 3.30.　The energy of the Na2 Ｂ IIm state

at the ｂｏ七七〇ｍof the poten七ial well　is ２.５２ｅｖ70）ａｂｏｖｅtｈｅ ｂｏ七torn of

the Naa ｘｌΣ９ state, and the dissociation energies of Naa and Ｈ２　in the

ground･states are known to ｂｅＲ〕（Ｎ°,) = 0.73 eV　°nd
ｂＯ（Ｈ２）゜4.476 ｅｖｊＯ）

The　dissociation energy of NaH （Ｄｅ（Ｎ３Ｈ））ｉｓｉｌｏ七accurately known･

In　ａ few references, i七has been calculated七〇 be 1.79 eV
８６）ａｎｄ

1.92 ｅｖ,８５）ａｎｄｉｔ has been also estimated to　2.０２ｅｖ７１）ｂｙ七he

ｅｘ七rapolation of the measured ground state vibrational　levels。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　112)

We will use the latest value of 2.02 eV as Ｄ (NaH) and 1.95 eV as Ｄ (NaH)
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｅ　　　　　　　　　　　　　　　　　・０

in　this section.　　　The　energies required for the reactions

between Na,　and Ｈ２becomes　　　　　　　　　　　　　　　　　　　　　　　　　　゛
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Ｎ３２（Ｂｌｎｕ）十H2 -･･2NaH + 1.21 eV,

Na2(X'Σ9）゛H2 ゛ 2NaH ‾1‘３１　ｅｖ°

(3.36)

(3.37)

Here, one may find also that Reaction (3.35) is consistent with the

experimentally obtained relation　ｂｅｔｗｅｅｎＩＴｈ（Ｔ）゜ｄIL, (T), which is

given by Eq. (3.34)。

　　　　Another possible mechanism 七〇produce NaH molecules is the reaction

of sodium atoms　in the highly excited states, which may be created

indirectly from Na2(B'n ) through the process：　Na2(B*n )　・Na{3P) ->■Na(nX).

The excitation of sodium atoms to the ３Ｐstates　is possible ｐａｒ七ially by

the dissociation of NaaCB'n^) and partially ｂｙ七he energy trヽansfer

collisions of these excited molecules with ground state Na atoms.

The　energies　of　the　３Ｐ states　of　Na　ａ七〇ms　　（Ｅ（Ｎａ（３Ｐ））＝２.１０ｅｖ）

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

Nａ（３Ｐ）＋H2→･NaH + H - 0.42 eV (3.38)

Therefore the excitation from the ３Ｐstates to some highly excited Ｓ and

D states by (a) collisions between ３Ｐｓ七ate atoms as described in the

preceding subsection,　or (b) the laser excitation through the far wings

of absorp七ion lines broadened by He gas, is necessary for the direct

reaction producing NaH molecules between Na atoms and Ｈ２　molecules.

工七was　found, however,七ｈａ七ｂｏ七ｈof the processes (a) and (b) were not

dominant for the production of NaH in the present experiment as　follows.

－９６ －



　　　　Tocheck the process (a), ｗｅexcited Na atoms by the　dye laser

tuned at　λ=614.5 nm and　578.7 nm as described　in 七he preceding

subsection and　intended to observe　the fluorescence　from the highly

excited states and the particle formation.　　　However, we could only

observe the strong Di　and Ｄ２　fluorescence ，instead of the fluorescence

from the highly excited states and the particle　formation. 工七should

be noted that the Di　and Ｄ２　fluorescence　for the dye　laser excitation

is　ａ few times stronger than that for the Ar laser excita七ion.

These results　indicate that the excita七ion of Na to the　３Ｐｓｔａ七ｅ　isnot

the main cause of the particle formation, in　the case of the Ar

ｅχcita七ion.

十

laser

　　　　As　tothe process　(b), since the 514.5 nm line of the Ar laser is

very close to the transition frequencies from the ３Ｐｓｔａ七esto the ６Ｓ

ｓ七ate(△り＝１３cm ),　we considered that this Ar laser line may.

contribu七ｅ to the exci七ation of　Na 七〇　the６Ｓ　stateand to the particle

formation.　　　However, if we assume　ｔｈａ七theprocess (b) is dominant,

the　threshold laser power as ａ fLinc七ion of Na2　density must be given by

工４ｎＮａ２゛ｃｏｎｓ七.,which disagrees with the experimental resul七given by

Eq. (3.34).　　　工ｎ this way we could ascertain that the Na２ molecules　in

the　u state excited by the Ar laser beam produce directly NaH by the

process of (3.35).
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OVEN　　Ｎ(１ CELL

FILTER　OR

MONOCHROMATOR

OBSERVATION

Fig.　3,31　　Experimental　setupfor the observation of the NaH particles

produced by the dye laser beam.　　　　TheAr laser beam was used for

the monitor beam for observing the light of the Mie scattering by the

produced particles.
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皿Ｉ．　４．３　　　Ｐａｒ七icleFormation by the Excitation of Na

　　　　　Weapplied the cw dye　laser beam tuned at　the Na D,　orＤ２line onto

the　cell　similar七〇　that described before　in order　to know whether or

not the particle　formation takes　place by the excitation of Na atoms.

The　experimental　ｓｅ七up　is　shownin Fig.　3.31.　　　When　the dye　laser

beam tuned at　one of the Ｄ　lines　is　absorbedby Na atoms, the　fluo-

rescence at this resonance line is reemi七七ed. Therefore we can not

distinguish the light of the Mie　scattering by the produced particles

from the fluorescence ａ七七his resonance　line.　　　To observe snow

forma七ion by the Mie ｓｃａ七七ering,we ｍｕｓ七use　the different setup　from

Fig.　3.28 (a).　　　　As shown in Fig.　3.31, the Ａｒ゛laser beam was used

as　ａmonitoring beam to observe the Mie ｓｃａ七七eringby　the produced

particles.　　　　This Ar laser beam, which was weakened so as ｎｏ七七〇

produce the NaH laser snow by itself, was applied from the opposite

direction to the dye　laser beam.　　　Both of the beams were set so

ｔｈａ七七hey 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 ｓｃａ七七ering

of the Ar laser beam by 七he produced particles.

　　　　工nthe case of the　excitation of Na atoms, the expected direct

chemical reac七ions with Ｈ２molecules　are

Nａ゛十Ｈ２　４ NaH 十Ｈ，

● ９９ －

(3.39)



心
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Fig. 3.32　　Threshold power 工Th　ofthe dye laser tuned at the D,

line for particle forma七ion as ａ function of Na density "Na ’
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Ｎａ゛十H2，･･Na + 2H,

Nａ十Ｈ十He -･･NaH 十He

(3.40)

(3.41)

When we can neglect a small change　in the kine七ic energy of the　system,

we see, from the conserva七ion of internal　energies before and ａｆ七ｅ『

the reac七ions, that the energy of Na*, i.e., E(Na*), required for

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

respec七ively:

E(Na゛) > Dg(H2) - D (NaH) = 2.53 eｖ’

E(Na゛））DO（H2）゜４°４７６ ｅｖ°

(3.42)

(3.43)

From Conditions (3.42) and (3.43) we see that the Na atoms in the

３ＰＳｔａ七es(E(Na(3P)) =2.10 eV) have not enough energy for Reac七ions

(3.39) and (3.40).　　However, as described ｉｎ:Ｉ］II.4.1, when the

population of the ３ＰＳ七ateatoms is large, the exci七ａ七ionto the higher

energy states becomes possible.　　　The atoms　in the　ｓｔａ七es　3D,5S,

and ４Ｄsatisfy Condition (3.42), and those in the states ６Ｓand ５Ｄ

satisfy Condition (3.43)。

　　　　Similarto the　experimen七　described　in　the　preceding

subsection, we　have　measured　the　threshold　dye　laser　ｐｏｗｅｒＩＴｈ

for　the　formation of particles as ａ function of the cell　七empera七ure.

Figure　3.32 shows　^Thｇ when the　laser was　tuned ａ七七he D, line, as ａ

func七ion of the sodium density ｎ
Na
calcula七ed from the cell temperature.
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We　can see　in Fig.　3.32 that ^Th is approximately proportional　to　the

inverse of ■^a；　ｉ°ｅ°゛the　七hreshold condition for the par七icle formation

is given by

工Ｔｈ(Ｔ)11Na(Ｔ)゜const‘ (3.44)

When七he　saturation of the　transi七ion from the ３Ｓ ｓ七ate to the　3Pi　ｓ七ate
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　乙

can be neglected,工Th"Na　is approximately propor七ional　to　the population

of Na ａ七〇ms ｉｎ七he ３Ｐ states (the 3Pi. and ３ＰうＳstates are completely

mixed by the collisions with He atoms).　　　　Consequently, Eq. (3.44)

implies　ｔｈａ七七heparticle formation begins when the population in the

３Ｐstates reaches　ａ certain value.　　　Since the ３Ｐｓ七ates　donot have

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

condition must be rewritten as

ｌｌＮａ（ｎｘ）゛（ＩＴｈｉｌＮａ）

ｌ

° const°’
(3.45)

where Na{nX) is ａ Na atom　in the highly excited state satisfying

Conditions (3.42) or (3.43), and ｍIs an integer determined by the

excitation mechanism to this state.

　　　　There　isalso another possibility of the　indirect chemical reaction

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

. , 10)
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Nａ(３Ｐ)＋H2 -･･Ｎａ(3S)＋Ｈ２０)，

Nａ（3P）＋H2（t/），ＮａＨ十Ｈ

(3.46)

(3.47)

These processes　ｓａ七isfy also Condi七ion (3.44) and　七he energe七ical

requirements Here, let us　recall　七he reac七ion between Na ａ七〇ms

in the　３Ｐ states　and Ｈ２　molecules.

Ｎａ（３Ｐ）＋Ｈ２ -･･　NaH + H - 0.42 eV (3.38)

From the experiment using　ａ　low-pressure sodium discharge　lamp,

　　　　　113)Netten　　　showed that even though Reaction (3.38) is　endothermic by

abou七〇．４ eV, the ｒａ七ｅof Reaction (3.38) is much faster than

　(3.47)　in　his　experimental　condition.　　　　　　　　　　　But, in our

experiment using七he dye　laser beam tuned to one of the Ｄ lines, the

optical excitation density is about 10 times　larger than that in his

experiment, and hence the density of Na(3P) atoms　is　expected七〇 be

about 10^ times　larger than tha七　in his experiment.　　　　By applying

his　theory to the case of large density of Na(3P), we obtain the

opposite resul七七ｈａ七Reaction (3.47) is ｆａｓ七ｅｒ七han･Reaction (3.38).

This　means tha七七he reaction mechanism is completely differen七when

the　laser　beam　is　used as　七he　ｅχci七ing　ligh七source.

Then　we　can　conclude　that　Reaction (3.47)　is　the
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more probable reaction than Reaction (3.38) in our case. Here, we

canno七conclude clearly which process, the direc七reactions (3.39)-

(3.40) or the　indirect reactions (3.46)-(3.47), is predominan七．

But from the above discussions, we can write the chemical reaction

globally as

Ｎａ（３Ｐ）＋Ｎａ（３Ｐ）＋Ｈ２→･2NaH. (3.48)

　　　　　Inthe present experiment, the dye laser was　tuned at the Na Ｄｌ or

Ｄ２　line　and the　spectral width at half-maximum of the　dye　laser beam

was estimated to be about １０ＧＨｚ（△λ＝０.０１ｎｍ）．　　　０ｎthe other hand,

Since　we　　used七he cell　containing　He gas of about　５００Torr,

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.　　　　工f the dye　laser　｀

is　enough tuned to one of the Ｄ lines, the most of七he　longi七udinal

modes　of the dye　laser can ｃｏｎ七ributeto the excitation of Na atoms.

But, if七he waveleng七ｈ of the dye　laser varies, the measuremen七〇ｆ　the

threshold laser power becomes meaningless, because七he exci七ation

efficiency changes ｗｉ七ｈ七hevariation of the dye　laser wavelength.

Therefore we used　the following procedure　in order to minimize　the

- 1０４－



fluctuation of the dye　laser wavelength.　　　First of all, we　tuned

the dye laser waveleng七ｈ　ａ七七heＤ１　line　ateach temperature and ｌｅ七

the fluorescence of the Ｄ２　linebe maximum.　　　Next, we changed　七he

dye　laser power by using two linear polarizers　and by ｃｏｎ七rollingthe

angle between七he polariza七ion directions of these two polarizers

because　the wavelength of the　dye　laser varies　somewha七with　the　change

of its power in general.　　　We repea七ed 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 ａ七〇msor molecules, the　tuning and stabilization of the dye laser

wavelength is expected to become extremely easy.　　　　Therefore the

experimental　error Gouldbe 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 Ar laser beam, whose power

was　set above the threshold value for the particle formation, and the

dye　laser beam, tuned at the Ｄ１１･ineat above １０mW, to　the cell.　　We

observed the disappearance of the particles　in the region where　七wo

beams were overlapped as　shown　　　inFig.　3.33.　　　This phenomenon

indicates probably the fact 七ｈａ七bothNaH ｐａｒ七iclesand NaH molecules

are　dissociated by the collisions ｗｉ七hthe Na atoms　in　the３Ｐstates.

Because the Na ａ七〇ms　in七he３Ｐｓｔａ七eshave energies ，2.10 eV,

- １０５ －



A｢;゜･LASER BEAM　CELL

LENS

DYE LASER　BEAM

TUNED　AT　D, LINE

Fig.　3.33　　Sketch showing the observed dissociation of NaH

particles produced by　the Ａｒ＋1aｓｅｒbeam in the region where the

dye　laser beam tuned at the Ｄ１　line　isapplied.

１０６ －



higher than the dissociation energy of 七he NaH, 1.95 eｖ，七he　３Ｐ

ｓｔａ七ｅ　atomscan 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,七he energies

of the　firs七Ｐ states of Cs, Rb, and Ｋ are　lower 七han the dissociation

energies of these molecules, so that the collisions with the atoms　in

the　first Ｐ states canno七　seriously　affect the density of the produced

alkali hydride molecules.

工n. 4. 4　　Discussions

　　　　　Wehave measured the threshold laser power for ｐａｒ七icleformation

at the range of temperature from ２３００Ｃ　to２９０°Ｃand ｏｂ七ainedthe

relations

ITh(Ｔ)ilNa(Ｔ)゜ｃ°nst･.･

工Th(Ｔ)ilNa

2

(Ｔ)゛ｃｏrlｓt°

(3.44)

(3.34)

From　these results and the　energy relations between Na, Na,, and H2, we

found that NaH:Laser snow is produced not only by 七he exci七ation of Na

ａ七〇msbut also by the excitation of Naz　molecules, although the experi-

mental conditions were very limi七ed in ａ small range　of the cell

七emperature and in the filled gas pressure.
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Table　３．７　　Conditions of Na cells used in our experiment and

resul七ｓ of the　experiment of particle ‘formation. The symbol

’ｌｏ”indicates　that particle formation was observed, and　the

symbol　”ｘ”indica七es　ｔｈａ七it has ｎｏ七been observed.　　　The

symbol　”－”indicates　ｔｈａ七七he experiment has not been made.

Serial　cell No.　　Ｐ

　　　　　　　　　　　　　　　　　　　Ｈ2

A-12

A－１３

A-14

A-16

A-17

Ａ－１８

Ａ－２１

Ａ－２４

Ａ－２５

(Torr)　^He

１１

２
　
９
　
７
　
２
　
０
　
３
　
５
　
３

１
　
１
　
　
　
３
　
　
　
１
　
１
　
１

　　　　　　　　Exciting light source

（Ｔｏｒｒ）　　Ａｒ十　laser　　Dye　laser

4７０

４８０

４８０

４9０

　　０

6００

４9０

　９８

5００

・ 1０８ －

○
　
○

●

Ｏ
　
　
一

χ
　
　
一

○
　
○

-

○
　
○

Ｏ
　
Ｘ

○
　
　
一

-



　　　　　As　thesodium easily reacts with the　glass, even the alkali-

resistant aluminosilicate glass　cell becomes opaque ａ七七emperature

higher than 290°C, whereas　the ordinary pyrex cell becomes　opaque　at

temperature higher than ２６０°Ｃ．　　　Thereforewe　cannot measure the

threshold laser power for producing particles quantitatively at

temperature higher than ２９０°Ｃ．　　　０ｎthe 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 aboutｌ order of magnitude.

　　　　Theinfluences of the pressures of Ｈ２　andHe, must be checked.

For this purpose, we have observed the particle forma七ionby using

several cells, though the filled gas pressures　are not largely different.

The conditions of the cells are listed　in Table ３．７ 工ｎTable　3.7,

we show also the results of the ｅχperimen七〇ｆｐａｒ七icle　formation.

The　symbol　”ｏ”indicates that particle　forma七ion was observed, and the

symbol　”x" indicates that　it has not been observed.

”－”indicates ｔｈａ七the ｅχperimen七has not been made.

The symbol

For observing the Mie scattering by the NaH laser snow produced by

the dye laser beam, we used 七he Ａｒ十laser beam in addi七ion to the dye

laser beam. 工七was necessary 七〇reduce the Ａｒ十laser power to　avoid

the ｉｎｆ:Luence on the snow formation by the dye laser beam at high

temperature in this experiment.

Aｒ十

工n the experimen七〇ｆ using only the

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十

particles

tively.

laser beam intensity was needed for producing

However,　we have not es七imated these effects quanti七ａ－

　　　　We　foundthe dissociation of the NaH laser snow by　the　collisions

ｗｉ七hthe Na ａ七〇ms　inthe　３Ｐstates, which have energies higher than

七he dissociation energy of NaH.　　　工n the case of other alkali　hydride

laser snows, such dissociation of the produced particles　had　not been

observed so far.

１１０ －



工I]:．　５　　　　　Summaryand Conclusions

　　　　　Wehave discussed the　laser-produc七ion of CsH and NaH particles

in this　chap七er.　　　Theseparticles have been produced by the　irra-

diation of the　laserbeams 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.

　　　　　Theexperimental requirements of the　laser-production of CsH and

NaH particles can be summarized in Table 3.8.　　　Since　the conditions

of experiments ａ七different wavelengths　are not the same, it is difficult

　七〇discuss quantitatively.　　However, we can say ｔｈａ七七heｐａｒ七iclesare

　sometimes produced by only ａ few mW of the　laser power and the

densities of atoms　and molecules　are above　１０”cm　and １０‾‾　cm　‾　，

respectively.　　　This resul七might be　applied 七〇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 ｐａｒ七icles　inthe 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 effec七ｓdecrease　the densities of

the　produced alkali hydride molecules　in the　laser beam, it is needed to

produce more alkali hydride molecules　for the particle forma七ion.
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Table ３．８　　Experimentalrequirements of laser-production

of CsH and NaH particles.

（ａ）　CsH

Wavelength(nm)

Temperature(゜Ｃ）

Laser ｐｏｗｅｒ（ｍＷ）

Filled gas(Torr)

　　　　　　He

　　　　　　Ｈ２

Cs ｄｅｎｓｉｔｙ（ｃｍ‾３）

Csz　ｄｅｎｓｉｔｙ（ｃｍ－３）

(ｂ)　NaH

　　　　　Wavelength(nm)

　　　　　Temperature(゜Ｃ)

　　　　　Laser power(mW)

　　　　　Filled gas(Torr)

　　　　　　　　　　　He

　　　　　　　　　　　Ｈ２

　　　　　Na densi七ｙ(ｃｍ－３)

　　　　　Na2 density(cm"゜)

601.01

>175

　１００

　５５０

　　　４

≧５×１０１｀

≧９×1０11

457.9～514.5

　　　≧２４５

　１００～15００

　　４７０

　　　１１

〉３×1013

≧１×1０11

601.０

　３００

Ｏ
　
　
０
７

5
　
　
　
　
２

２

４×1016

2×１０ １１゛

589.6

≧230

2～5０

　　４８０

　　　１２

≧２ × 1013

≧６×１０１°
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457.9

　２４０

　　５０

５５０

　　４

８×1015

2×1０13

5８9

２８０

４００

０
２
　
３

１ × １０１｀

８×1０11



　　　　Fromthe several　experiments of the laser excitation of alkali

vapor and of the particle　forma七ion, and from the consideration about

energy rela七ions, we　have discussed　the　laser-induced chemical reactions

to produce alkali　hydrides.　　　　　　Wehave　found that both the direct

and　indirec七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七he reac七ion between the Na2(B'n　) and Ｈ２．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｕ

　　　　　Whenthe alkali hydride molecules　are produced at high density,

七he small ｐａｒ七iclescomposed of these alkali hydride molecules become

visible　七〇　thenaked eye-　　　　We　foundalso that the produced NaH

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

　　　　　Bycomparing the alkali hydride laser snow with other laser-

produced ｐａｒ七icles　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 Ｓ０２－ N02 mixture and CC1^ - Cl, mixture systems ．　　　ｂ）Ｔｈｅ

produced laser snow is composed of simple　ionic crystal.　　ｃ）工七is

possib:Le　to produce 七he laser snow by exciting alkali　atoms so that

the　efficien七excitation can be achieved.　　ｄ）Ｔｈｅ processes of

chemical　reactions are comparatively simple.

- 113 -



　　　　Wehave described the　laser-production of CsH and NaH particles

and the　formation mechanisms of CsH and NaH molecules　in this chapter.

Next, we must s七udy the growth mechanisms of particles　in order to

understand the mechanisms of the　laser-production of particles.

For this purpose, we made　ａｎｏ七herexperiment of measuring the size

ｄｉｓ七ributionof the　laser-produced CsH particles, which will be

discussed in 七he next chapter.
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IV. 1

CＨＡＰＴＥＲ:IV

　　　TEMPORAL CHANGES IN Ｓ工ZE

DISTRIBUTION OF CsH LASER SNOW

　　　　　　　工ntroduction

Some ｓ七udies have been reported on the laser snow and　its　formation

mechanisms
１‾６゛１０ＡｓｄｅｓＣｒｉｂｅｄ

in chapter I工［．　　　　Particular attention has

been placed in these works on the laser-induced chemical reactions　to

produce alkali hydride molecules, but the growth of ｐａｒ七icles has not

been extensively studied so far.　　　　　　The　size　of　the

largest laser snow was ｅｓ七imated to be about 1μｍ２’６）　from the falling

velocity of the particles　in ａ buffer gas of rela七ively high pressure,

but the size distribution has not been measured yet.

　　　　工ｎthe natural world, there are many kinds of small particles

produced in the air or other gases, but growth mechanisms of particles

are ｎｏ七well known yet. The size　ｄｉｓ七ribution, especially

ｉ七ｓtemporal changes, give us　important　informations　七〇

reveal　the processes of growth of particles. The measuremen七ｓ　of

temporal changes of size distribution are quite few, ' and most of

the measurements have been done on the steady state or quasi-steady

state size distributions of these natural par七iclesグ,114,115) although

the temporal　changes of the size distribution have been studied
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theore七ically by using ｓｉｍｐｌｉｆｉｅｄｍｏｄｅｌｓ．２８‾３０゛１１６゛１１７）Ａ numerical　ｓ七udy

using optical data 七〇yield ａ histogram distribu七ion for the particle

size distribution has recently been reported by Heintzenberg e^ a･.Z･

ｂｕ七七heydid not　apply it to ･the realistic mesuarements of size

distribution and　its　temporal　changes・

　　　　　工nthis　chapter, we　describe　the　measurements　of

118)

the size　distribution of the CsH laser snow and its　temporal　changes・

The measuremen七ｓ　of size distribution described in this chapter are

based on the　light scat七erinｐ　ｆｒom 七he laser-produced particles.　　Under

the produc七ion of CsH ｐａｒ七iclesby applying an Ar laser beam 七〇ａ cell

containing Cs vapor and Ｈ２　gas,a linearly polarized white　ligh七beam is

applied and the wavelength- and polarization-dependences　of right-ang:Le

scattering from the　laser-produced particles are measured.　　　The

measured dependences are　compared with the theory, in which the ｓｃａ七七ered

light intensity　is given by the convolution of the ｓｃａ七七eredlight

intensity from each ｐａｒ七icleand the　size ｄｉｓ七ributionfunction assumed.

For the ｓｃａ七七eringfrom each ｐａｒ七icle,we use　the Mie theory assuming

ｔｈａ七七heparticle　is　spherical, and as　七〇the　sizedistribution, we

use several　test functions, each having three unknown parameters.

By comparing the　experimental resul七ｓｗi七hthe　theory, we ｄｅ七ermine

七he best ｔｅｓ七func七ionand the ｂｅｓ七valuesof its parameters, a七each

ｍｏｍｅｎ七　fromthe beginning of the　laser-irradiation。

　　　　工nthe present work, we could succeed the first precise measurement

of the　size distribution of the laser-produced alkali hydride particles.
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工七must be noted tha七七he　temporal　change of size ｄｉｓ七ributionhad not

been measured precisely even for other ｐａｒ七icles.

Ⅳ．２

:IV. 2. 1

Principle of Measurements of Size Ｄｉｓ七ribution

Mie Theory

工n the paper published　ｉｎ１９０８,１１９）Mie ｏｂ七ained ａ　rigorous

solution for diffraction or ｓｃａ七七eringof ａ plane monochromatic wave

by ａ homogeneous　sphere of an arbitrary radius.　　　The Mie theory can

be applied to ｓｃａ七七eringby any number of spheres, provided that they

have　the　same radius and composition and ｔｈａ七theyare　distributed

ａ七　random　　and

the wavelength.

separated from each other by distances larger than

Under these circumstances　there are no coheren七

phase relationships between the　light　waves　scattered by the different

spheres, and hence　total ｓｃａ七七ered　intensity　is simply given by　the

multiplication of 七he　ｉｎ七ensity of light ｓｃａ七七ered by ａ spherical

particle and ｔｈｅ七〇tal number of particles.

　　　　First of all we recall　the Mie theory and consider the scat七ering

of the　linearly polarized plane monochromati c　ligh七with ａ　ｖiavelength　λ

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－by ａ　spherical particle with radius a and ａ complex refractive index　几．

工七is convenien七七〇 use the normalized radius ｇ defined as a = Z-naJλ・

We take ａ Ｃａｒ七esian coordinates with the origin at the center of the

sphere　and with七he ｘ－ and 2-axes　taken to the directions of polarization

and propagation of inciden七light.　　　The observation point is repre-

sented by P(r, e,φ), where r, e, and　φare　the quan七ities used in
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ノ

DIRECTION OF
POLARIZATION
↑

DIRECTION　OF

PROPAGATION.

×

Fig.　４．１　　　Coordinateswith the origin at the　center of the sphere,

the　z-direc七ion in the direc七ion of the incident light propagation

ａｎｄ七heX―direction　ｉｎ七hedirection of the incident ligh七polariza七ion.

The observation poin七is shown as Ｐ(ｒ，０，φ)．
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ordinary polar coordinates：

ｘ＝ｒ sin ｏ COS φタ

ｙ＝ｒ sin ｏ sin φ，

Ｚ＝ｒ COS Ｏ

１

(４.1)

We define the plane of observation as that containing the direction of

propagation of the　incident light and the direction ( e.φ）ｏｆ observation。

　　　　　Ourpurpose here is to obtain the ｏ　and φ　components of scattered

electric ｖｅｃｔｏｒｉ（Ｓ）ａｎｄｉｔｓ　ｉｎ七ensity］：（Ｓ）ａｔｔｈｅobservation point.

When we　normalize　七he　amplitude　of　the　electric　vector　of　the

inciden七　wave　by unity, i.e.　匯（ｉ）|＝１，ｗｅ can obtain Ｅ?）ａｎｄ Ｅ ?）

by solving 七he Maxwell's equa七ion under the boundary condition that the

tangential　componen七ｓ ｏｆきｓｈｏｕｌｄbe continuous across　the surface of

the sphere １２０）

ぐ)＝－

岬＝－

手(守りずり;'V.;r) p"に・・9)sine
ｋ　　゛かい　ええ　　え

　　　　　　一え％jy､ａ、) P^( COS
sin e

十平≒うちとし)祚゜ｓe)７伝

-ｉ匈万に)41に。o)。i。０，

- 119 －
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where k=2ir/λ

follows.

Ｘ ＝●む

≒＝
　● ･

£

ふ１２ｊ＋1

Ｓｃａ七七ering coefficients　＼　and
／７１Ｂｊ
are given as

叫こ(9)t(叫)－り(9)Ｇ(叫)

j（ム1）辰y
ノ

9)り(恥)ぺ1 9)Ｇ(49)

ｊ＋１２ｊｆ１ λり(9)４(向)一回(9)り(面)

‰)り剱)－

ｊ

lt(9)り(恥)゛

１

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

咬(9卜層Jふが9)'

勺(9卜丹lパ(9)･

ぐ)(9)う(9)一統(9)゜層な尚)･

白縮iq) ; the Bessel function,

1｡ｆχ（9）；ｔｈｅＮｅ°1°11 functions・

必?
χ（９）；ｏｌｌｅof the Hankel function,

ﾍﾟﾘcose);the
associated Legendre polynomials,

ａｎｄ七he prime on 中ｊ こ
?

respect to　their arguments

(４.３)

(4.4)

and Ｐｙ´represen七ｓ the differentiation with

．　　　　When七he argument of　Ｃ?）ａｎｄ　こ?｝″ｉｓ

large, i.e., ＼q＼≫1, we can use the following asympto七ic

- １２０－

formulae：



INCIDENT
LIGH Ｔ

Fig.　４．２

１
　
Ｃ
Ｎ

し（

Iよ（

Ｘ

λ

λ

Q

(1

θ）

θ）

Ｚ

SCATTERED　LIGHT

、　TO　BE　DETECTED

OBSERVATION　POINT

　　　　P（「,θ」

Definition of the polariza七ion of the scat七ered ligh七．

The　origin is set a七七he center of the　sphere and z-direction is

chosen to七he direc七ion of the incident light propagation.　　　The

ｓｃａ七七eredlight is observed from 七he direc七ion on the y-z plane ｗｉ七ｈ

the　angle　ｏ from the z-direction. :り（λ, a't 9) is the ｓｃａ七tered ligh七

intensity when the　incident light is polarized　to　the y-direction and

the polarization of detec七ed light is on the y-z plane, and工1（λ> a; e）

iｓ七he ＳＣａ七七eredlight intenｓiｔｙwhen the incident light is polarized to

the　x-direc七ion and the detected　light has　the　same polarization.
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心)(9)｀(‾え)ム1j万

抄9)～{ノパ　

}

This is the case of ａ far field region (kr≫１）．

(4.5), intensities of the scat七ered light　become

ﾂﾞ≒⑤|ｴ(‾えげ(ｙ

ｴ?)＝ 首|ｴ(
‾ｉ)え(≒

IＥり2＝ｴｙ

(4.5)

Using Eqs. (4.2)-

Ｊ
Ｑ

ｊ
Ｑ

　　　　　　　　　　　　41)(ｃｏｓ o)

1}″(ｃｏｓ
e) sine一矢一二Lne

１)(ｃｏｓ
Ｏ)

sine

cos <t>, |ぐ)12＝ｴ?)ｓin2φ，

-

Ｖ
(cos e) sin Ｏ ）

２

12
(４.6)

where ｌｙ’is the intensity of the scattered light polarized parallel

to the plane　of observation ａｎｄＩ?）ｉｓｔｈｅ　ｉｎ七ensityof the ｓｃａ七七ered

light polarized perpendicular to the ｐ:Lane of observation.

　　　　　Forａ practical　experiment to be　described 。later, it is　convenien七

to　use　the new coordinate ｓｙｓ七emshown in Fig.　4.2, where

七he origin is also set a七七he center of the sphere, z-direction　is

chosen　七〇　the direction of the　inciden七light propagation, and the

ｓｃａ七七eredligh七　is　observed at the ｄｉｓ七anceｒ　from the direction on
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the y-z plane with the angle　ｏ from the z-direction。

　　　　Along七he experiment, we consider two cases of polariza七ions　of

incident light and ｄｅ七ected ligh七.　　　The firs七case is such ｔｈａ七七he

incident ligh七is polarized to the ■y-direction and the polariza七ion of

ｄｅ七ected light is on the y-z plane.　工n this case the　inciden七and ｄｅ七ected

ligh七intensi七ies are defined as 工７ and :Iじ７．　　The second case is such

ｔｈａ七七he　inciden七ligh七is polarized ｔｏ七he x-direction and the ｄｅ七ｅｃ七ed

ligh七has　the same polariza七ion.　　　工ｎ七his case ｗｅ゛rite工7゛d工１３ｓ

the　incident and ｄｅ七ected light ｉｎ七ensi七ｉｅｓ。

　　　　工n the later coordinate ｓｙｓ七em, the detec七ed light in七ensities

ｴｶﾞ゛1dエ1゛ｅ given by :In COS ({) Wl七ｈφ゛Ｏ° ゛ｄ :[?]ｓiJφwi七ｈφ゜９００'

respectively.　　　　We ｌ｀ｅ゛/riteエリ)゜ｄ工(1)３ｓりａｎｄ工!, which are

func七ions of　λ，α，ａｎｄ　０．

:[が(λ, a;e)=

where工ｊ ａｎｄ工
０

１

　y
(-ｉ)j(≒

ｊ｡1

(１)．

‰ (cos e) sin o

九牛三二へ
　･．　　　　　　　jl)(ｃｏｓ e )

ム(４
ｙ
(ｅド七千ﾅﾆ

一万ﾂﾞ)(i。。0)。i。e)|回
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λ

２

represen七七he incident ligh七intensi七ies.
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:N. 2. 2 Light Scattering from Ｐａｒ七icleswith ａ Size Distribution

and Requirements　from Experiment

　　　　　Weconsider here the light ｓｃａ七七eringby 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　ｓｃａ七teredby particles

ｍｕｓ七besmeared out,and hence the ｄｅ七ectedlight intensi七ｙ　isapproxi-

mately given by the sum of intensities of light sea七七ered by particles.

When we observe　the scattered light with wavelengthλ　from the direc七ion

of angle　e, the　light intensities　for the two cases of the polarization

described in TSI.2.1 can be expressed as

ｅ
９
いＬ
７

ｅ
ｌ
い与

ｏ）゜か(a):り（λ’゜;e) da,

０）＝后（α）町（入，・;e) d・，｝

(４.８)

where　Ψ(a)is　the size distribution of particles　to be measured, and

切（λ.a;０) and ｌ１（λ,a; e ) are　those given by Eq. (4.7).

Figure ４°３shows Iが（λ> a; ０ ) and工１（λ. a; ０） as　func七ions of a in the

　　　　　　　　　　　　　ミ
case tha七　λ= 642.5 nm, e = 85°, and　n = l.48 In our experiment to

be described in :IV.3, we have observed the light scattered to the

y-direc七ion, i.e. Q = 90°.

　　　　Expressions (4.7) are　for an　ideal case　that the monochroma七ic

light is observed from the direction defined strictly

● １２５ －
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the practical　experiment, one may observe　the　light scattered by the

ensemble of ｐａｒ七icles through ａ solid angle and the ligh七七〇 be detec七ed

has ａ spectral width.　　　　So, we have　七〇 average Eq. (4.7) over the

sigh七〇ｆ angle △ｅ　centered at ｏ　and over the spectral width△λ　ｃｅｎ七ered

ａｔλ, and then inser七七hem into Eq‘（４°8) as:Iが（λ’゜; e) and工1（λ･ a; 0）゜

工七ｍｕｓ七generally be necessary to average over the sight of angle △φ

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（Ｓ）２

ｃｅｎ七ered ａ七φ゜However, in the prac七ical caseタwe observe エガニ］[//COSφ゛

where　the　sigh七〇ｆ angle △φ　is ｃｅｎ七ered at 0°,　and工1°ｴﾂｉｉ１２φ, where the

sight of angle △φis centered at 90° , as described ｉｎ:IV.2.1. This means

that I// (or:Iﾐ１）ｉｓ ａ slowly varying func七ion of <t), and the averaging

with respec七七〇φ　may be unnecessary　in the case of small　sight of

angle△φ．

　　　　工ｎ our experimen七，七he both angles of sight△ｅ　and　△φwere 16°, and

the　spec七ral width△λ　of the detected light, which was　determined by

the resolving power of the monochromator, was　about ２ nm.　　　This

value ｏｆ△λ　is　muchsmal:Ler than the spread of the size distribution

of CsH ｐａｒ七icles　tobe measured, so　七hatthe effect of the spectral width

can　　be　　consideredｎｏ七to give ａ significan七difference from the case

of monochromati c　light.　　　This was, in fact, verified in the experiment

using some different values of Ａλ．　　　　Thus, in our practical analysis

of experimen七al　data, we have used:［が（λ，　ａ.-．90°) and工!（λ> al ９０°) which

were averaged only over ｅ・

　　　　　The　impor七ant quantity in the data ａｎａ:Lysis　is the refractive

index of CsH particles, but the ｖａ:Lue has not been known as　far as we
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aware.

　　　　　　　　　　　　　　　　　　　　　　　　　　－

So, we used the value　^=1.48, which was ｅｓ七imated from the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　　　　　　　　　　　　Ｓrefrac七ive　indices of crys七als of ＮａＨ（４＝1.４７０）ａｎｄ KH {n=l.A53).

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　二工七is, however, apparent from Eq. (4.3) tha七　this uncertainty of a does

ｎｏ七give ａ significant error in ｄｅ七ermination ｏｆ七he size distribution.

　　　　　　　　　　　　　　　　　　　　－We have assumed　that 几 is　constant over the waveleng七hs of the detected

light (which are　in the visible region).

　　　　　工n the present work, the　integra七ion with respect to the particle

radius a in Eq. (4.8) is carried out from zero　to 1　μm, because　the size

of the　largest particles has been measured to be about 1μｍ

from the　　falling velocity・

:IV. 2. 3　　Ｔｅｓ七Functions Used to Determine the Size Ｄｉｓ七ribution

　　　　工ｆwe can observe the　ligh七ｓｃａ七tering from the　laser snow for

wide　wavelength range, it must be possible to determine precisely 七he

size distribu七ｉｏｎΨ(a) from the measured ｉｎ七ensities Iy(λ）゛ｄ工１（λ）

by using Eq. (4.8).　　　But, in　the present experimen七, the ligh七

ｓｃａ七七eringhas 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　七est

func七ions for Ψ(a), each having three unknown parameters.　　　We have

inserted these　test func七ions　into Eq. (4.8) and calculated numerically

切（λ；９０°）゛ｄ］:１（λ；９０°)while changing the values of parameters.
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By comparing these ｗｉ七ｈexperimentally obtained waveleng七ｈ－ and

polariza七ion-dependences, we could determine　the ｂｅｓ七-fitted七est

function and its parameters, at each moment after the beginning of

laser-irradiation, i.e. af七er the beginning of production of CsH

molecules。

　　　　　The　ｔｅｓ七func七ionsused　in the presen七work are the Gauss,

Stevenson, and Junge distribution functions,which are known to give

approximate size ｄｉｓ七ribu七ionsof ｐａｒ七iclesproduced in 七he ｎａ七ural

world。

　　　　　TheGauss ｄｉｓ七ribution func七ion is defined by

ΨＧ((ｌ)゜ＡＧｅ)(ｐ(

particles.

((z－μ)
2

），

３）
，

- １２８ －

a> a

　－ 0'

（Zく（ZOタ

｝

(４.9)

(4.10)

2a2

where ＡＧ　is　ａposi七ive constant, p is　ａ mean radius,　and a is　ａ standard

deviation.　　　The Gauss distribution is known to give　the　approximate

size distribution ｏｆｒａｉｎｄｒｏｐｓ．１８）

　　　　TheＳ七evenson distribution function is　defined by

　　　　　　　　　(Z一

気(‘２)゛AS(゜-Oq) exp(-(-―

ち((z)＝０，

where A_　is　ａposi七ive ｃｏｎｓｔａｎｔａｎｄ（ｚｏis the radius of the　smallest

The value ｓ ｄｅ七ermines　the modal radius a　, the　full-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｍ

ｗｉｄ七h at half-maximum tv, and七he　”half-spread”(a -a　）七hrough relations
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｍ　　ｏ



£Ｚ７＝０.9015 S，

　　　-χＳ-％゛３

Stevenson　ｃ±　ａｌ.
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１

(4.11)

used this ｄｉｓ七ribu七ionfunction as an approximate

represen七ation of size distribu七ion of emulsions.

　　　　　TheJunge distribu七ion func七ion is defined by

yJ（゜）゜^a-^

yJ（（z）＝Q，

where ＡＪ and ｐ　are positive values. Ｊｕｎｇｅ吐（此.21）　found tha七七his

exponential　distribution function gives well　the size distribution of

stratospheri c aerosol particles in the size range of ０．１μｍ七〇１μｍin

radius.　　The value ｐ for stra七〇spheric aerosol　is about three.　Accord-

ing to their definition,七he Junge distribution function becomes　infini七ｅ

aｓ七he radius 七ends　to zero This　is not natural, so　that we have

introduced ａ cut-off ｒａｄｉｕｓ（ｌｃ’８ｓｉ“ Ｅｑ°（４°１２）‘

:IV. 2. 4 Determina七ion of the Ｂｅｓ七Ｔｅｓ七Function and 工七ｓ Parameters

　　　　　Toｅｓ七imate　the deviation between Iじ７（λ)and I (λ) obtained

experimentally and those calculated theoretically for ａ test function
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with given values　of its parame七ers, we　introduce　the mean-square

deviation Ｅ　defined as

ぐbs’（λ）一万heor.,λ）

E= I (二と

λ,k
:ぐbs゛(λ)

where

２

　９ (4.13)

ぐｓ°（λ)
is the observed in七ensity of the ｓｃａ七七eredlight at

wavelength　λ，:Theor゜(λ)　is　七he　theoreticallycalculated　intensity, and

ｋ represents　a set of polarizations of incident light and detected

ligh七, i.e°工k°工/7 o゛ 工！ The summa七ion is made over the observed

wavelengths　and the　ｓｅ七〇ｆpolarizations. The intensity l?eorへλ）ｉｓ

calculated by substituting ａ test function ？((ｚ)ｗｉｔｈgiven values of

parame七ers into Eq. (4.8).　　By finding 七he tes七func七ion and its

values of parameters, giving the minimum value　of E, we can determine

七he best-fit size distribu七ｉｏｎ。

　　　　When七he　experimen七al　error is not very small, there　is ambiguity

in determination of the best-fi七size　distribu七ion and ｉ七ｓparameters.

This　is mainly due　七〇　theｆａｃ七ｔｈａ七七he　ligh七ｓｃａ七七eringis observed

ａ七七he wavelengths　in the visible region, so　七ｈａ七七heparticles much

smaller than the waveleng七hs do not ｃｏｎ七ribu七ｅ　significantly to the

observed ligh七intensi七ｙ.　　　　Wi七ｈ respec七七〇　七he present experiment.

we　consider that the size distribution determined as described above

may approximate well　the real　size distribution in the range of radius

(ｚｂｅ七ween ０．１－１　μm, but it is ｑｕｉ七ｅambiguous for ｐａｒ七icles smaller

than ０．１μｍ．

- １３０ －



:IV. 3

:IV. 3. 1

Experiments and Analyses

Experimental Method

The experimental　setup　is shown in Fig.　４．４

Cs　cell　”Ｃ－２”,which was described ｉｎ工I工．３

We used the

The cell was made of

alkali-resistant aluminosilicate glass and baked at ６５０°Ｃ　inａ vacuum

of １０
-6

Torr before　filling Cs metal, 4 Torr of H2, and　５５０Torr of He

　　　　The cell was placed inside an transparent glass oven, and　七he cell

七emperature was kept within±１０Ｃ　ａ七３３０°Ｃor ３００°Ｃ　inthe present

experiment.　　These temperatures give the Cs vapor densi七ies 8 × 1016

0ｒ４×1016　cm‾３，　respectively.　　　　工n the exnerimen七，ａ particular

ａ七七ｅｎ七ionwas paid on ｔｈｅ七empera七ure ｄｉｓ七ribution within the cell　to

avoid the convec七ion.

The Ａｒ十 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 absorp七ion line under the relatively high pressure of He.

The　laser power was　ｓｅ七ａ七　５０mW or １００mW in the presen七experiment.

　　　　The　ligh七source used in the measuremen七〇f 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 ｗｈｉ七ｅligh七beam was

applied七〇the cell　from the opposite direction 七〇the　laser beam, and

we　adjusted optics　so　ｔｈａ七　thesebeams overlapped to each other.

The　white ligh七beam diameter at 七he cell was set about 10 mm and the

laser beam diame七er was set ０．２mm or ２ mm so ｔｈａ七七he　laserbeam was

- １３１ －
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Fig.　４．４　　　Experimen七al　ｓｅ七up

Ａｒ゛LASER

The Cs　cell　is made of alkali-

resis七ant aluminosilica七e (Corning 1720) glass　and filled with a

small　amoun七〇ｆCs metal, 4 Torr of H,, and ５５０Torr of He 。



placed within the white ligh七becun.　　　The white　light beam diameter

ａ七七heｃｅ１:Ｌwas　also ｓｅ七abou七５mm when the　laser beam diameter was

set　５mm or １５mm, in order to place　the white　ligh七beam within the

laser beam。

　　　　Theligh七ｓｃａ七七eredby 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 ｄｅ七ected by ａ

ｐｈｏ七〇ｍｕ１七iplier七hroughａ monochroma七〇ｒ　in order to select the wave-

leng七h to be observed.　　　The resolving power of 七he ｍｏｎｏｃｈｒｏｍａ七〇ｒor

七he　spec七ral width of the　detec七ed light was　about 2 nm.　　　工ｎ order

七〇　improve signal-noise ratio, we chopped　七he　incident whi七ｅ　light by

ａ mechanical　chopper and the output of the ｐｈｏｔｏｍｕ１七iplierwas applied

七〇ａ lock-in amplifier　七uned ａ七七he chopping frequency.　　　　The　time

constant of the　lock-in amplifier was　ｓｅ七〇．３sec　七hroughou七七he presen七

experiment.　　　The　incident white　ligh七and scattered　light were

linearly polarized　in order to ｄｅ七ｅｃｔ:り（λ)or］:ﾕ（λ）

　　　　　When七heAr laser beam was　applied to the cell, we could observe

the　production of particles, by eyes, wi七hin few seconds.　　　The

七emporal　change of the　intensity of 七he white　ligh七ｓｃａ七七eredby　the

laser snow was recorded on ａ char七recorder, jus七af七er the beginning

of the　irradiation of the　laser beamﾀ　i.e.　after the beginning of produc-

tion of CsH molecules.　Ａｆ七ｅｒ七akingthe recorder 七race　forａｐａｒ七icular

wavelength and for ａ particular ｓｅ七〇ｆpolariza七ions, we　ｓｈｕ七七he　laser

１３３ －



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 polariza七ions. 工ｎ七his way, we could measure

the temporal　changes　of the scattered light　intensities:り（λ) and ｌ１（λ）

for five wavelengths　in 七he range ４４０－７１０ｎｍ。

　　　　The　sizedistribution at a given time Ｔ after the beginning of the

laser-irradiation can be calculated through Eqs. (4.8) and (4.13) from

七he sea七七ered light in七ensi七ｉｅｓ:Iｼy（λ）゛ｄ工1（λ）８七Ｔfor several

wave:Leng七hs.　　　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 ｐａｒ七icles.　　　So,we

paid ａｐａｒ七icularａ七七ｅｎ七ionto keep constan七七he conditions　such as

七he cell　七emperature and the　ｉｎ七ensitiesｏｆ七he　laserlight during七he

experiment.

:N.　３．２　　　Experimental　Resul七ｓand Analyses

　　　　　Thephotograph of the　CsH laser snow irradiated by the white

light　is　　shown　in Fig.　3.20.　　　In Fig.　3.20, we can see ｎｏ七〇nly

the ｓ七ripes of the　ｓｃａ七teredligh七ｉｎ七ensity but also　the changes of

color or wavelength.　　　This　indicates clear:Ly that there are not only

spatial　distribu七ions　of the ｐａｒ七icledensity but also of the ｐａｒ七icle

size.　　　Therefore we ｍｕｓ七restric七〇urobservation region so as ｎｏ七
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to observe the size distribu七ion averaged in spatial ｄｉｓ七ribution.

However, in the early stage of peirticle formation, we observe ｔｈａ七七here

are no changes of color in whole space.　　　　This　indica七es　the　fact that

there is no ｓｐａ七ialdistribution of particle size, and hence the

following analyses　are particularly useful　in the early ｓ七age of

ｐａｒ七icle　formation。

　　　　Weused seven different experimental conditions which are listed in

Table 4.1.　The　experiments Jl, J2, J3, and Ｊ４ are ａ series of experi-

ments which were performed within ２４hours.　The experiments J5, J6, and

Ｊ７are another series of experiments which were made on another ｄａｙ･

But we discuss mainly five　experiments Jl, J2, J3, J4, and J6, because

the　series of experiments J5, J6, and Ｊ７showed abou七七he same results。

　　　　We　first describe ｏｎ七he resul七〇ｆ 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－Ｊ４and discuss 七he effec七ｓ of the experimen七al　condi-

tions, such as the　laser power density and temperature。

　　　　Theｏｂ七ained scattered light intensities at the experiment J6 are

shown in Fig. ４．５(a) and (b) as ａ function of time ａｆ七erthe beginning

of the　laser-irradiation.　　　　Figure 4.5 (a) and (b) show respec七ively

the　ｓｃａ七七ered:Lightintensi七ｉｅｓ:I;ｹﾞ（λ）゜ｄ:I:1（λ)at the wavelengths:

４４０　nm,507.5 run, 575 nm,　642.5　nm, and ７１０nm.　Hereafter, let us

ｗｒｉ七eT as七he time　after the beginning of the laser-irradiation.

General　ｆｅａ七ureof the change of scat七ered light intensity seen in.

- １３５ －



Table　４．１　　Experimental　conditions　for measuremen七〇ｆ size ｄｉｓ七ribution.

The　experiments　Jl, J2, J3, and Ｊ４are　ａ series of experimen七ｓ which

were performed within　２４hours.　　　The experiments J5, J6, and Ｊ７

are　another series of experimen七ｓ which were performed on another　day

Experiment No.

Ａｒ十　laserbeam

　　　Power (mW)

　Diameter (mm)

White　ligh七beam

　Diameter (mm)

Tempera七ure (゜Ｃ）

J1

５０

　２

１０

３３０

Ｊ２

　５０

０.２

1０

３３０

Ｊ３

１００

　　２

1０

３３０

-

Ｊ４

５０

　２

1０

３００

１３６ －

Ｊ５

０
　
５

５
　
１

５

３３０

Ｊ６

５０

　５

５

３３０

Ｊ７

１００

　１５

５

３３０
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Fig.　４．５　(a) Recorder traces showing the changes of the scattered

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

J6 (the Ａｒ４‘laser：　５０mW and ５ mm i.d.:　the white light：　５ mm i.d. ;

the　cell七empera七ｕｒｅ：　３３０°Ｃ）．　　　（ｂ）Ｔｈｅsame as　in (a), but for工１
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Fig.　４．６　　　Normalized scattered ligh七intensities　(゜)切(λ)/ｴｶﾞ(入

and (b)工1（λ）/:ぐ（λ),as functions of waveleng七ｈλ Tｈｅ七ime　Ｔ

after the beginning of the　laser-irradiation　is　changed as ａ

parame七er.

(七he Ａｒ゛

This　figure shows　the result of the　experiment Ｊ６

laser：　５０ mW and　５ mm i.d. ;　七he ｗhi七ｅ　ligh七：　５mm i.d.;　the

cell　temperature：　３３００Ｃ）
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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 cin oscillation.　　Quan七itative discussions on this oscillation

have been given by Tam ｅえ心?）　　This oscillation may be explained by

the　ｆｏ:L:Lowingcyclic processes：(1) the increase of CsH density until　it

arrives　ａ七七he critical value for condensation, (2) the production and

growth of particles accompanied with the decrease of CsH density, (3)

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

back七〇 the process （１）．　　　Looking at Fig. 4.5 (a) and (b).

we　see　ｔｈａ七　七he　timearriving at　七he　first peak is delayed when the

wavelength is　increased, or when the polarization is switched　from

I上ls゜1じｸf゙or the same wavelength.　　　These　facts　indicate apparently

七he　increase of either or both of number density and size of particles

with　time Ｔ．　　　Since the　light　source of the　”whitelight”, the

photomul七iplier, and other optical　elements used in this experiment

have　七he wavelength- and polarization-dependences. The results shovm

in Fig.　４．５include these dependences of the optical　system used. To

eliminate these,　　we measured at firs七七he wavelength- and polariza七ｉｏｎ一

dependences, Ii (̂λ) with k = // or １，０ｆthe total optical system, by

replacing the cell by ａ small mirror.　　　Then, we normalized 七he

detec七ed light in七ensities工k（λ）ｂｙ:11（λ）七〇〇btain the net wavelength-

and polarization-dependences of the　light scattered by particles.

The normalized light in七ensitiesぐs･（χ）＝Ｖχ）ぺ（λ）ａｓ func七ions ｏｆλ

are　shown in Fig.　4.6 (a) and (b), where　time Ｔ is varied as ａ parame七er.

：● １３９ －
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４
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Table　４．２　The minimum values Ｅ of each　test　function　and　their best values of

parameters.

　　　　Gauss　distribution　　　　　　　Stevenson distribution　　　　　Junge　distribution

T(sec) Ｅ　　μＯｍ）（７いＪｍ）　Ag E　　aQ(pm) s(w°）　As Ｅ　　　ｐ　a (ym)　　Ａ､･

　３

　６

　９

１２

１５

１８

２１

２４

２７

３０

３３

３６

３９

４２

４５

0.8484　－０．０７　０．０５　2.60E5

0.3212　０．０２　0.05　9.12E3

0.2031　0.13　0.03　9.74E2

０．０８１８　0.13　0.04　9.14E2

0.1507　0.15　０．０４　5.11E2

0.0714　0.16　０．０５　3.02E2

0.1577　0.16　0.05　2.57E2

0.1745　０．２０　０．０４　1.71E2

0.0692　０．０３　0.17　1.56E2

0.2278 －０．１０　0.32　6.59E1

0.0924 -０．０４　０．２０　1.61E2

0.2459　-･0.09　0.26　1.O9E2

0.2911　０．２０　０．０４　1.45E2

０．０３８４-０．０９　0.21　'c, 15I>こ

0.1791　-０．１０　0.29　9.04E1

1.7469　－０．１０　0.12　2,O3E5

0.3599　－０．０８　0.14　5.28E5

0.1270　0.01　0.12　1.29E5

0.1410　０．０９　0.08　1.15E5

0.1678　０．０８　０．１０　5.50E4

0.0746　n.08　0.12　2.41E4

0.1471　０．０６　0.14　1.59E4

0.1420　0.13　0.10　1.89E4

0.0767 －０．０９　0.34　1.47E3

0.3217 -0.08　0.54　1.47E2

0.1261　-0.10　0.34　1.35E3

0.3353 －０．１０　0.46　3.08E2

0.3192　0.11　0.12　1.12E4

こ.ZIZjI　－０．１０　0.35　9.94E2

0.2557 －０．１０　0.50　2.30E2

0.8790 ６．６ 0.016　2.82E-4

0.3887　７．８ 0.096　3.23E-4

0.2198　７．８ 0.120　1.13E-3

0.1106　７．８ 0.136　2.09E-3

0.1341　7.8 0.152　2.80E-3

0.0815 ６．２ 0.152　3.13E-2

0.1045　５．２　0.144　l.llE-1

0.1121　３．４ 0.136　1.09E 0

0.2050 3.0 0.112　1.35E 0

0.1034 3.0 0.144　1.59E Ｏ

0.1393 4.6 0.168　2.41E-1

0.1134 3.4 0.144　9.76E-1

0.1134　２．６ 0.096　2.07E Ｏ

0.1727　2.8 0.088　1.38E Ｏ

0.0838　３．２　0.152　1.35E Ｏ



By using these normalized ｓｃａ七七eredlight intensities　ａｓぐs (λ)

in Eq. (4.13), we determined the best values of the parameters of each

test func七ion by the method mentioned in ］a/.2.　　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 distribu七ion functions by selecting

the ｂｅｓ七七estfunctions having the minimum value of function Ｅ

　at　each moment T after the beginning of the　laser-irradiation.

Since　the absolute values of scattered ligh七intensities were not

measured, we could not get the informations on the absolute size

distribution, i.e. the absolute number density as ａ function of particle

radius a。

　　　　　Figure４．７shows　the obtained temporal　changes of the relative

size distribution for the time Ｔ from ３ sec　to ２７　sec.　　　Asdescribed

already, the size distribution for the radius　less than ０．１um is

ambiguous because of the wavelengths of the　light ｄｅ七ected,and so we

have ｎｏ七shown it in Fig.　4.7.　　　For time Ｔ longer than about　２０sec,

the　oscillation in production of particles　took place as seen in

Fig.　4.5, but the reproducibili七ｙ of the phase of oscillation was rather

poor. So the error is considered 七〇be relatively large　for Ｔ＞２０sec.

This　is mainly due to the variation of the　ｔｅｍβeratureof the cell～1°C

and　ｔｈａ七〇ｆlaser power ～3% during the experimen七．　　　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　七he　experiment J6 (the
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spreads　toward七he　larger radius　accompanied with decrease of the peak

value. For Ｔく１２ sec, the ｂｅｓ七－fi七七ｅｓ七func七ions are　those having

peaks, namely the Gauss and Stevenson ｄｉｓ七ribution functions When

time Ｔ exceeds　about 20 sec, it turns mostly　to　the Junge distribution

func七ion.　　　Although the　determinations of parameters are considered

to have relatively large　error for Ｔ＞２５sec, for which we have not

shown the result in Fig.　4.7, the best-fit functions were mainly the

Junge distribution functions。

　　　　　Wecalculated 七he number density N (arb. uni七) , the to七al radius αｔ

(arb. uni七), the　total volume V (arb‘ unit), the mean radius ７ｉ（μｍ），

and the mean volume ｉ （μ�３），ｄｅｆｉｎｅｄas

Ｎ＝／Ψ(a) da,

(ltｸﾞ!m[a) da.

vt° 1ム(a) da.

a=― I a^ia) dぷ，

ｉ＝音戸ｙ((z)ｄ(z.

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

］:ｎ七hepractical　calculations, the　integrations with respect to　the

radius °in Eqs. (4.14) - (4.18) were carried out from ０．１μmto 1μｍ。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　　　－The ｏｂ七ained values of Ｎ，（ｚｔ゛ｖｔa゙, and ｖ as functions of Ｔ are　shown

in Fig.　4.8 (a).　　　From Fig. 4.8 (a), we see　ｔｈａ七七henumber densi七y N
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１４４ －



（
ト
ー
Ｚ
コ
ａ
ｄ
ｖ
）

75Q

500

Z 250

０

　　　　　０　　　　　　１５　　　　　　３０　　　　　　４５

　　　　　　　　　　　　　　　　TIME (sec)

Fig.　４．８　（ｂ）　The number densi七ies in the size range of ０．１μｍ

七〇１μｍ（Ａ），０.15μｍ七〇１μｍ（Ｂ），　and ０．２μm to 1 urn (C) for the

experiment　Ｊ６　(the　Ａｒ゛ laser:　　５０ mW and　５ mm 1.d.;　the white

ligh七：　５ mm ｉ．ｄ･；　the cell　七emperature:　３３０°Ｃ）．

● １４５ －



and the total radius a.　increase ｗｉ七ｈＴ until　Ｔ２９ sec　and then they

decrease,　and tha七七he to七al volume V.　increases with Ｔｕｎ七ｉ１　Ｔ２１２sec

and decreases until　２１　sec　and then oscillates.　　　On the other hand,

　　　　　　　　　　　　　－　　　　　　　　　　－
七he mean radius a. and volume ｖ increase with Ｔ until　Ｔ ２ １５ sec and then

begin to oscilla七ｅ． Generally七he particle growth can be considered

to be　due　to either or ｂｏ七ｈof following two processes;　the condensation

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

by sticking of particles The values Ｎ and （ｚｔ　decrease and ｖｔ　is

constant when ｐａｒ七iclesgrow only by coalescence.

and ＼

The values Ｎ９（ｚｔタ

increase when ｐａｒ七iclesgrow only by condensa七ion. Therefore

except　for disappearing of particles　from the　observation region by

falling through gravity and dissociation of ｐａｒ七icles,etc., V.　does

not decrease ａ七any time. 　　　　　　　　　　　　　－　　　　－The mean values （ｚ and ｖ decrease only when

the　large particles disappear from the observation region　･or　when the

small　particles are newly produced in 七he observa七ion region。

　　　　Whenwe　apply 七he above mentioned consideration to Fig.　4.8 (a),

we can　see　ｔｈａ七七heparticles grow mainly by condensa七ion within ｇ　sec

ｂｕｔ七heparticles grow mainly by ｃｏａ:Lescenceof small particles　after

ｇ　sec　toabout ２４sec and 七ｈａｔ七he　effectof falling of particles

through gravity begins　七〇 appear after １２ sec.　　　This　is also　seen

in　　Fig.　4.8 (b), where　the number densities　in the　size range of

０．１μ”１七〇１μΓΓ１（Ａ）・０.15μΓ１１to :L pm (B)・and 0.2μΓn to １ uTn (C) are

shown.　　　From the difference between Ａ and Ｂ　in Fig.　4.8 (b), we　can

see the change of small ｐａｒ七icle density in the　size range of ０．１　μｍto

- １４６ －
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0｡15μｍ radius and　from the difference between Ｂ and C, we can see　the

change of the particle density in　the size range of ０.15μｍｔｏ０．２μｍ･

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 ｄｉｓ七ributionfunctions.

　　　　The obtained scattered light intensities　at the experiments Ｊ１，

J2, J3, and Ｊ４are　shown in Figs.　4.9 - 4.12.　　　These　figures　show

七he scattered ligh七intensi七ｉｅｓ:り（λ) and工１（λ) as functions of time Ｔ

The peaks of the　scattered light　intensities　ａ七five different wave-

leng七hs　appear ａ七　abou七　七hesame　七ime　in Figs.　4.9 - 4.12.　　　This

effect　is considered to be resulted from the　falling away of produced

ｐａｒ七icles　from七he observed region almos七七he　same　time, because　the

ぶ　laser beam is placed ｗｉ七ｈｉｎ七hewhite　light beam.　　　　　　On the

other hand, as described already, the appearance of the peaks of

the　scattered ligh七intensi七ies　is　delayed for the longer wavelengths

in the　experiment J6 (See Fig. 4.5).　　　This　is considered to be

resul七ed from the particle　growth.　　　　Since　the Ａｒ＋１ａｓｅｒbeam is

larger than the white light beam in diame七er in this case, the effect

of the　ｆａ１:Lingaway of particles　from the observed region is somewha七

lessened by the　ｆａ:Llingin七〇〇ｆparticles from above,　and hence　the

effec七〇ｆ ｐａｒ七iclegrowth becomes 七〇appear more clearly in the

experimen七Ｊ６．

and J7 (Fig. 4.14).

This is also seen a七七he experiment Ｊ５(Fig. 4.13)
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By using the normalized ｓｃａ七七eredlight　ｉｎ七ensities　obtained in ａ

series　of experiments of Ｊ１ － Ｊ４ａｓ工?ｓ゛（λ）ｉｎEq. (4.13), we deter―

mined also the best-fit functions and its parameters.　　　Thus

approxima七ed size ｄｉｓ七ribution func七ions,　namely number densi七y (arb.

unit) vs. radius (μm), a七七ime ａｆ七er 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゛αｔ゛ｖｔ
゛（Ｚ゛and

ｖ゛which are shown in Figs.　4.19 － 4.22

(a) for Ｊ:Ｌ－ J4, respectively.　　　Figures 4.19 － 4.22 (b) show the

number densities　ｉｎ七he size range of ０.1μm to 1μm (A), 0.15μｍ to

１μΓTl(B)・゛ｌｄ ０．２μΓΓｌ七〇１μm(C) for Jl - J4・respec七ively.　　　　From

七hese　figureｓ. ｖｉｅcan see ｔｈａ七〇nly the small particles　are produced

within ３ sec and ｔｈａ七七hese small ｐａｒ七icles grow mainly by condensa-

tion in 七his early ｓ七age.　　　　Ｂｕ七both the grow七ｈ rate and mechanisms

are different in each experiment after ３ sec as　described below。

　　　　Fromthe result of Jl　shown in Fig.　4.19, we　can see the facts　as

ｆｏ:Llows：

１）　Ｗｉ七hinｇ sec, particles grow by ｂｏｔｈ七hecondensation and coales-

cence, because all quantities　in Fig.　4.19 (a) increase with T, and

ｂｏ七ｈsmal:Ｌ　andlarge particle　densities　increase.

２）　Fromｇ sec to　１２sec, it is considered that particles grow mainly

by coalescence, because only the value Ｎ and small particle density

decrease.

3）　Ａｆ七er　１２ ｓｅｃタ　the ｖａ:Lues of Ｎ゛（ｚｔ゛

- 158 －
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in all　ｐａｒ七icle　sizesdecrease, probably because of the　ｆａ:Llingaway

of ｐａｒ七icles.

　　　　From七he resul七〇ｆ Ｊ２shown in Fig.　4.20, we can see 七he ｆａｃ七ｓas

follows：

１）　Because the values of N, a., and ｖｔincrease and small particle

density increase　ｆａｓ七ｅｒ七hanlarger one within ｇ sec, particles grow

mainly by condensation.

２）　Because the laser power density is　larger 七ｈａｎ七hat　inJl, small

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　　－ｐａｒ七icles　areusua:Liy produced and so a and ｖ are　smaller than in Ｊ１．

　　　　From the resul七〇ｆ Ｊ３shown in Fig.　4.21, we can see　the ｆａｃ七ｓas

follows：

１）　Within ｇ sec, because both the　:Laser power £indits　density are

larger than七hose　in Jl, par七icles　are produced more quick:Lｙ七han in

the case of Jl, so that there exis七more small particles.　　　This

　　　　　　－　　　－makes a and ｖ smaller than七hose in Jl but,　of course,　makes Ｎ９　αｔ９

and Vt　larger・

２）　Ａｆ七erｇ　sec, because of the falling away of particles, the ｖａ:Lues

of Ｎ・（Ｚｔ・ and Vt・ and particle densi七ies　in °１１par七工cle　sizes

decrease。

　　　　Form the resul七〇ｆ Ｊ４shown in Fig.　4.22, we can see the facts as

follows：

１）　Because the temperature of this experiment is ３００Ｃ　lowerthan the

ｏ七her experiments, the particle production is　slower七han "that in the

other cases.

１６０ －
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Fig.　4.21　The same as in Fig.　4.19, but for the experiment J3 (the

Ａｒ＋1aｓｅｒ：　１００mW and ２ mm i.d.;　the white ligh七：　１０mm i.d.;　the

cell　七empera七ｕｒｅ：　３３００Ｃ）．
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Fig.　4.22　The same as in Fig.　4.19, but for the experiment J4 (the

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

tempera七ｕｒｅ：　３０００Ｃ）．
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２）　Once the ｐａｒ七ic:Lesare producedﾀ　quantities N, a,,　and ＼　increase

monotonously.　　　　This　indicates that particles are growing mainly by

condensa七ion and that particles are also produced successively・

３）　The　slight decrease of ａ and ｉ from ３ sec　to ６ sec　are presumably

resulted from the remained particles ｏｆ七he previous　experiment.　This

is because the　decomposition rate of particles　is　slower　ａｔ３０００Ｃ七han

at 330 °Ｃand then, on repeating ａ series of experiments of observing

wavelength- and polariza七ion-dependences, we　can not remove　the produced

particles　in　the previous　experimen七completely.　　　　Ｂｕ七, at 3 sec, the

produced and remained particles　are not so many that only　the weak

scattered　light can be detected.　　　When七he　detected　ligh七ｉ七self is

weak, our analysis　is much influenced by experimental　errors such as

ａ reading error, a tempera七ure deviation, and ａ laser power deviation.

This error may cause the decreases　of ａ and ｉｱfrom ３ sec to ６ sec.

:r/. 4 　　　　　　　Summaryand Conclusions

工n this　chap七er, we have described the first　measuremen七　〇ｆ七he

size ｄｉｓ七ribution of laser-produced CsH particles. The measurement

is based on the wavelength- and polarization-dependences of light

Ｓｃａ七七ering by the produced ｐａｒ七icles.　　　　The results　show ｔｈａ七，jｕＳ七

ａｆ七er the beginning of the produc七ion of CsH molecules by laser-

irradia七ion, the size distribu七ion　is very narrow and has　ａ maximum at

the small ｐａｒ七icle radius, and七he　shape of distribu七ion is well
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expressed by 七he Gauss or　Stevenson ｄｉｓ七ribution 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 distribu七ion　ｆｕｎｃｔｉｏｎＡＪ(ｚ“ｐ　withthe value of ｐ

ranging ｂｅ七ween２ and ４．　　　工七ｍｕｓ七beinteresting to note that this

ｓ七eady-s七ａ七ｅ size ｄｉｓ七ribu七ion is close 七〇七he　size ｄｉｓ七ribution of

aerosol particles　in the stratosphere.　　　This　is ｐａｒ七icularly seen

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋in the　experiment J6, in which the　diameter of the Ar　laser beam is

larger than that of the white light beam.　　　Ｂｕ七, in the　experiments

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋Jl - J4, in which the diameter of the Ar　laser beam is smaller than

ｔｈａ七〇f the white ligh七beam,　we cannot observe well　七he ｓ七eady-state

size distribution in particle growth because of the ｆａ１:Ling away of

particles　from the　laser beam.

　　　　　From the ｏｂ七ained七emporal　changes of the　size distribution, we

have calculated changes of七he number density Ｎ， 七he total radius a ,

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　　　　　　　　　　　　　　　－the to七ａ:Ｌ volume ｖｔ， the mean radius a, and the mean volume ｖ of the

produced particles ｗｉ七ｈ the radius be七ween ０．１μｍ and １μｍ･

　　　　　In the experiment J6, we have found that particles grow mainly by

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－coalescence of small ｐａｒ七icles ａｆ七er ｇ sec because ａ and ｖ are growing

while Ｎ is decreasing.　　　　This　seems　to be ｃｏｎ七radic七〇ｒｙ七〇　the experi-

mental

･

result of Tarn et cUV,　which shows that　the laser-produced CsH

particles have large positive charges （≦１０４ elec七ron 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 七ｈａ七七his　contradictoryis due to the fact tha七七he cell

temperature　is　different between the present experiment and the

experiment of Tarn ei clL., although it is not explicitly ｎｏ七edin their

paper.　　　　　Atrela七ively　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 ｂｏ七七〇ｍof the cell　七hrough

ａ microscope.　　　　We found that the particles have ａ crystalline　shape・

The CsH crys七al　is known to have ａ large ･emissivity of photoelec七rons.

which ｍａｙgive　ａ large amount of posi七ive charges of produced particles

ｗｉ七hin　七helaser beam.　　　On the other hand, a七七he rela七ively high

temperature, as　in the present experimen七，七he produced particles　are

expec七ｅｄ七〇evaporate by ｅｍｉ七七ingmainly hydrogen atoms or molecules,

and ａ small　amoun七〇ｆ cesium ａ七〇ms.　　　　　工ｎｆａｃ七at the tempera七ure

-330°C, we could not see the white powder on the surface of 七he　ｃｅ１:Ｌ

even at the　long 七ime ａｆ七erthe ｂとginning 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 ｐａｒ七iclesproduced in the　initial　stage are crystals and have

large　amount of charges,七hey ｍｕｓ七七urninto Cs droplet by evaporation

at high tempera七ure.　　Charge ｎｅｕ七raliza七ion may be possible by ｅｍｉ七七ing

Cs　ions　simultaneously ｗｉ七hthe　emission　　　of neutral　ａ七〇ms or molecules

Such Cs　drop:Le七ｓare expec七ed to grow　by　　　coalescence as　seen　in

the presen七experiment.
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　　　　We　foundalso that par七icle production and growth are　ｆａｓ七when

the　laser power is　large ｂｕ七七hemean radius ａ　and　themean volume ∇

are not always　larger七han　the lower power experimen七case.　　　This is

considered to depend whether or ｎｏ七七he　densityof CsH molecules　in the

laser beam keeps　its　supersa七uration ｒａ七iowhich is needed for nucleation

of small ｐａｒ七icles.　　　If the density of CsH molecules　is　lower　than

the　critical density for nucleation, it becomes　impossible　to produce

new particles.　　　　Ｉｎ七he　case of the experimen七J3 (Ar laser

power　●１００ mW ), the densi七ｙ of CsH molecules is higher than the

ｃｒｉ七icaldensi七y, and so the nucleation is maintained.　　　０ｎ七he

ｃｏｎ七rary,in the case of the experiment Jl (Ar十　laser power　゛

５０mW　），七he density of CsH molecules is lower than the ｃｒｉ七ical

density, and so the condensation of molecules on 七he ｐａｒ七iclesand the

coalescence of small particles occur, and then ｐａｒ七iclesgrow bigger

and bigger。

　　　　工ｎour experiment a七七emperature ３３０°C,because the CsH particles

decompose quickly into Cs　and H , the laser snow is ｅχpected to be

ｎｅｕ七ｒａ:Lizedby releasing Cｓ十, and七his makes　the further growth of

particles by coalescence possible.　　　工ｎ fact, experimental results

show the pairticle growth by coalescence at this　temperature.　　　０ｎ

the other hand, we have known already ｔｈａ七the particle growth by

condensation was main process at J4, which was　the　experiment at

３００°Ｃ．　　　　This　is explained that because less neutraliza七ion by

releasing Cｓ十　is　expec七edat 300°Ｃ，　thecoalescence must be difficul七
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under the　strong electrostatic repulsive force ｂｅ七ween ionized particles.

　　　　Until　thepresent work, there were no reports　in the precise measure-

ｍｅｎ七ｓof temporal　changes of size ｄｉｓ七ributions　evenfor the production

of many other ｐａｒ七icles,al七hough they are known 七〇be　importan七七〇

reveal　七he mechanisms of particle growth.　　　工ｎ七he presen七work, we

could measure the　七emporal　changes　ｏｆ七hesize distribution of laser-

produced CsH particles with ａ rela七ively high accuracy, using the　light

scat七ering method.　　　The error in the presen七case　is mainly comes　from

the experimen七al procedure　that七he　changes of the light scat七ering is

measured by repeating七he production of particles, under七he assump七ion

of high reproducibility.　　　　So, it　is desirable　to obtain the　informa一

七ions withou七repeating七he experiment.　　　工七ｍｕｓ七be ｎｏ七ｅｄ七ｈａ七七he

simultaneous measurements ｏｆ七he light scattering ａ七七wo wavelengths and

ａ七七wo　orthogonal polarizations are enough七〇 determine　the best-fi七

test function and ｉ七ｓthree unknown parame七ｅｒｓ。

　　　　Wehave used in the present work three simple ｔｅｓ七func七ions, each

having three parameters.

functions to be considered.

Ｂｕ七，七here are, of course, many other test

　　　Themodified gamma function 19,20,123-126)

（Ψｇ（‘２）゜AcPexp(-B a^), ＼″hereＡ’Ｂ’ｐ’ and ｑ are positive　constants) may

be particularly important because　it is known to approximate the size

distribution of many natural ｐａｒ七icles,especially七he cloud particles

in the　ａ七ｍｏｓｐｈｅｒｅ．１９'２０)
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CHAPTER Ｖ

CＯＮＣＬＵＤ工NG REMARKS

　　　　　The　inventionof lasers, especially tunable　lasers, have brought new

possibilities of controlling chemical reac七ions　and ｏｂ七ainingmuch

knowledge abou七chemical reactions.　　　The　laser-produc七ion of ｐａｒ七icles

is an example of laser use　in chemistry.　　　　The chemical reactions and

produc七ions of particles by laser light have many advantages compared

with those by ordinary light from ａ lamp.　　　　工ｍｐｏｒ七ａｎ七advantages　are

such　ｔｈａ七,i) ligh七intensity is high, so tｈａ七七heｒａ七ｅof chemical

reac七ion is very large and can easily be controlled, ii) s七ate-selec七ive

and isotope-selective chemical reactions can be　induced because of the

sharp spectrum of laser radia七ion.　　　The advantage i) may lead 七〇the

production of high densities of molecules and particles　that cannot

easily be produced by ordinary ｐｈｏ七〇chemicalreactions　induced by ordinary

light.　　　Because ｏｆ七he advan七ages　ii), we can use laser ligh七in

precise ｓ七udies of elementary processes of photochemical reactions, and

in practical applications such as　isotope　separation。

　　　　　工ｎ　this　thesis,　wehave repor七ed on the laser-produc七ion of alkali

hydride particles, giving ｐａｒ七icularａ七七entions　to(1) the fundamental

processes of ｐｈｏ七〇chemicalreactions　to produce alkali hydride molecules,
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(2) the　first production of NaH ｐａｒ七icles,(3) the first measurement

of size　distribu七ion of laser-produced particles　and its temporal

changes.

　　　　　Withrespect ｔｏ七he　chemical reactions ｏｆ七he alkali　ａ七〇ms　in七he

excited states with hydrogen molecules　to produce alkali hydride

molecules, two possible processes were proposed by Tam　at aJL. and

Sayer e± at. as described in chap七erｌ工I:．　　　　One　isthe direct

reac七ion of the alkali　atoms　ｉｎ七heexci七ed ｓｔａ七eswith hydrogen

molecules　七〇produce alkali hydrides, and七he ｏ七heris the indirect reaction

where energies ｏｆ七he　excited state alkali　ａ七〇ms　aretransferred to　七he

vibra七ional　energies of hydrogen molecules by collisions, and the

hydrogen molecules　in the vibronic exci七ed ｓ七ａ七esreact wi七h the ground

ｓ七ate alkali　atoms.　　　From the experimental results　in the present

work, we　consider tha七ｂｏ七ｈprocesses take ｐ:Lace simultaneously more or

less　in　tlie　caseof CsH,　but we could ｎｏ七clearly determine which process

is predominant.　　　In the　sodium vapor with hydrogen gas, we have　found

七hat NaH molecules are produced when sodium atoms are exci七ed七〇　the ３Ｐ

states and also when sodium molecules are excited to the B'n ｕstate.

As described in　:ﾛﾆI:．４，七he　３ＰＳｔａ七eshave not , however, energies ｌenough

to produce directly NaH molecules.　　　So, we have proposed　possib:Le

processes　to produce NaH molecules; (a) collisions ｂｅ七ween two　３Ｐstate

ａ七〇msexcite one ｏｆ七hose　atoms to highly exci七ed states, which reac七

with Ｈ２　molecules, and (b)七he energies ｏｆ七he　３Ｐｓ七ate Na a七〇ms are used

to exci七ｅＨ２molecules 七〇the high vibra七ional　ｓｔａ七ｅｓ．which reac七with
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the ３Ｐstate Na atoms and produce NaH molecules. As　to the production

of NaH by the excitation of Naz molecules, we have proposed the process

that Na2 molecules　in the excited state B^n reac七directly with Ｈ２

molecules　in the ground electronic state.

　　　　Withrespect to (2),　ｗｅcould observe firs七七he produc七ion of NaH

particles by exciting Na ａ七〇ms　tothe ３Ｐｓｔａ七esand by exciting Na,

molecules七〇 the B'n state as described above. We found also　ｔｈａ七

the produced NaH molecules　and particles dissociate by the collisions

with Na a七〇ms　inthe ３Ｐstates.　　　工七must be noted that such dissoci-

ation do　take place only in the case of sodium, since the first exci七ed

ｓｔａ七esof other alkali　ａ七〇mshave ｎｏ七energy to dissocia七ｅ alkali　hydride

molecules.　　　Among the production of alkali　hydride ｐａｒ七icles, we are

particularly interested in 七hat of NaH particles, since relatively large

amount of sodium and hydrogen are known to exis七in the upper ａ七mosphere

of the ｅａｒ七ｈand in 七he ｐ:Lane七ary ａ七mosphere (for ｉｎｓ七ance,Jupiter and

its satelli七ｅ工o), under the relatively strong solar radia七ion suitable

to excite Na atoms。

　　　　　As　七〇(3),we ｃｏｕ:Ldsucceed　　七he　first measurement of七he size

ｄｉｓ七ribution of the laser-produced CsH particles　and its　七emporal

changes　after the beginning of 七he produc七ion of CsH molecules Even

for　the production of other particles, there had no reports on such ａ

precise measurement of七emporal　change of size distribution.　　　By

calcula七ｉｎｇ七hechanges of number density, total radius, to七al 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.　　　　工n the relatively high 七emperature (T = 330°C), we found

七ｈａ七七he ｐａｒ七icles grow up by coalescence, i.e. by sticking of produced

ｐａｒ七icles　to each ｏ七her.　　　　工n the relatively low tempera七ｕｒｅ（Ｔ≦３０００Ｃ），

we considered ｔｈａ七七he particle growth is mainly by condensation, because

the number densi七ｙ of particles　increase monotonously, and because　七he

ｐａｒ七icles　falling down from the　laser beam and　lying on 七he ｂｏ七七〇ｍｏｆ七he

cell were white crystalline ｐａｒ七icles。

　　　　工七must be　ｉｎ七eres七ing to ｎｏ七ｅａ phenomenon observed when the　laser

ｉｎ七ensi七ｙ is changed.　　　工ｎ七he case of low laser intensi七;y, once

ｐａｒ七icles are produced,七he number densi七ｙ of CsH molecules decreases

and ｉ七becomes　low ｎｏ七enough七〇 produce new ｐａｒ七icles.　　　As　七he resul七，

the produced particles grow by collec七ing CsH molecules　and by coales-

cence. But, in七he case of very high laser ｉｎ七ensity, even when 七he

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 ｔｈａ七七hetotal radius ａｎｄ七〇talvolume are

increased ｗｉ七ｈ七he　increaseｏｆ七helaser intensi七ｙｂｕ七七hemean radius

and mean volume are ｎｏ七always ｓｏ｡

　　　　　工ｎ　thepresen七work, the temporal changes of size distribu七ion have

been measured by observing 七heｓｃａ七七eredligh七　in七ensities at five wave―

lengths　and for 七wo orthogonal polariza七ions, as repeating ten times七he

same procedures.　　　So, the error of 七he measurement of the　size distri-

ｂｕ七ionhas been determined mainly by 七he reproducibility of production of
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particles. When we use test functions with three unknovm parameters

to represen七the shape of the size distribu七ion, it is enough七〇

determine　the parameters by measuring the light sea七七eringａ七七wo

wavelengths and for two orthogonal polarizations. Such measurements　can

be done　simultaneously without repeating the production of particles, so

　ｔｈａ七moreaccurate　informations about temporal　changes　in size distri-

　ｂｕ七ionmay be ｏｂ七ained.

　　　　　　工nthe present work, we have used three simple test func七ions　to

represent the shape of size distribu七ion.　　　Ｂｕ七, there are many other

七est func七ions to be considered.　　　One of the most importan七七est

functions migh七be the modified gamma function, which is knovm 七〇approx-

ｉｍａ七ｅwell　the size distribu七ion of cloud par七ｉｃｌｅｓｊ９'２０)ａｎｄｗｅare now

introducing ｉ七in our calculation.
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