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Chat)七er 1. In七roduc七ion

h.i. Metal Ion Lasers

門any gas lasers have been developed since 七he discovery

of七he He-lie laser.1･2) Among七hem, only七he'rare gas ion lase三･I･･3,

and the positive column metal ion lasers have many laser lines

in七he visible and u1七raviole七 spec七ral regions. They are 七he

most important light source in the color holograpnyJ the color

di8Playl the printingl the laser metrOlogyI Or七he Ra皿an 8PeC七ro-

scopy because of 七heir good s七abili七yl relatively high output

power, and manageability.

In the rare gas ion lasersl the active media consist of

the rare gas disci,1argeS Of 七he high discharge current den-

sities,う･4) and七he laser output powers 0f the order of Several

waセセs can be obtained. Because of七he high discharge current

operation, however, thermal problems, bore erosion, a gas

Clean up, and a gas pumping are considerable. Then a cooling

system, expensive materials, a gas reservoir, and a retum

path are needed, and the whole sy8ten8 are usually rather huge

and expensive. On the contrary, the positive column metal ion

lasers using 七he rLare gas-metal mixture discharges a8 the

active media have much lower threshold discharge currents and

higher quantum efficiencie8 than七he rare gas ion lasers,5)

because ionization po七en七ials of me七a18 are low. The additional

equipments are not necessary.

In 1964,the pulsed laser oscillation va8 Obtained in 七he

Hg(=I) 6150 and 5678 A lines.6) This Was the firB七ne七al ion
O

laser. I}ater, pulsed and continuous oBCi11ation8 Were Obtained
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in七he ionic spectra of mie七als such as Cd, Zn, Se,弧d I.5･7-12)

Åmong七ilieml七he positive column !Fie-Cd+ laser exinilDi七ed a high

efficiencyl and a relatively 'nigh laser outpu七power was obtained

aモモhe Cd(工二) 4416 A line.ら)
･･-

ウ

itl'iOreOVer, laser oscillation was

O

obtained aモ モhe Cd(I工)う250 A u1七raviole七Iine wi七血ou七any

modification of the laser tube.9･10)

=n the early yearsI七his positive column He-Cd+ laser was

reali2;ed with the oven type discharge tube; the Cd grains were

placed in pockets along 七he 七ube axis and they were heated

With heat tapes. This stmcture isl however) not 8uitable for

making practical type lasers, and the control of the Cd vapor

pressure is rather difficu1七 at high discharge currents.工n 1969,

a cataphoresis type laser tube wa8 developedl With which a

uniform axia1丘istrit)u七ion of 七he Cd atom density was obtained

by means of七he cataph.resis effect.1,うー15)
Fi.8t.I the practical

laser tubes used at present are the cataphore8i8 tyPe. Some

technical improvements have been done in the laser tube there-

after,16-18) and七he positive colⅧn He-Cd+ laser has become

the most convenient and practical laser among 七he metal ion

lasers.

Laser oscillation can be obtained also with a lie-Cd

disclriarge 七IJ･be of a hollow cathode s七mc七urel Which utilize

the negative glow as the active medium.19)工n the hollow cathode

discharge,one can obtain more laser lines and higher laser

output powers than in the positive column discharge.19,20)

A practical hollow cathode la8er 8yS七em hasl howeverl nO七 been

constructed ye七because of 七he complicated s七ruc七ure8, diffi-

Cu1七ie8 in cori七rolling the Cd vapor pressure, rather un8七able
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laser ouてpu七 powers, and difficulties in preventing possible

arcil'i,SS a･CCOITiPariied with an extensive spuセセering which leads

七o de七eriora七ions of insula七ions arld 七o 七he s七arva七ion of gas.

=n vieヤ/ Of tl,ie positive co=uiTin -nTe-Cd+ laser.Deing七he most

impor七an七エコe'tal ion laser a七 presen七 as mentioned abovel i七

becomes of an urgen七in七eresセ セo unders七and 七he exci七ation

mecbanisms in i七 thoroug三Ily no七 only from a pi･1ySical s七anapoin七

'Du七 also froi,n a Practical s七ancLpOin七.

§1.2. Some Problems as七o the Exci七a七ion rL･･･三echanis£1S in the

positive Column :Lie-Cd+ I,aser

ln 七he early stage of七he studies on the positive column

:-Ie-Cd+ laser, it has been observed七ha七the Cd(=工) 4416 or

O

う250 A laser ou七pu七 power shows a behavior 8imilar to that of
ヽ

the Cd(II) 4416 orう250､A sidelight in七ensi七y,5･21) which is
O

propor七iona1七o 七he population density of 七he laser upper state.

I七has been concluded from七tlis experimental re8ult 七hat 七he

population densities of the laser lower state8 are negligibly

small compared wi七h 七hose of the laser upper states. Since 七hen,

in七he study of七he po8i七ive colⅧmn He-Cd+ 1aserl the satura七ions
I

of七he laser ou七pru七powers have been in七erpre七ed畠s the sa七uration8

of 七he population densities 0f 七he laser upper 8七ate8iand

only 七he exci七a七ion mechanism8 tO 七he laser upper sta七e8 have

been studied by many investigators.
21-26)

I七 seems ra七her 丘ifficult, however,七o interpre七 the

disclhiarge Curren七 or He pressure dependence of 七he laser Output

powers 七y taking only 七he population den8i七ie8 0f 七he laser
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upper s七a七es iri七o accour1七. In 七he iie pressure dependence.of セヒe

laser ou七T)u七 powers, for instance, the op七inum Ee pressure

亡

for the Cd(II) 4416 A laser ou七pu七po`wer is somewha七different

C

from the王ie pressure Where the Cd(I工)ヰ416 A 8ideligh七in七ensity

has a maximum. This may slv10W thaセ セhe con七ribu七ion of 七he

population density of the laser lower state is. not negligible.

There has 七)een reported only one data concerning the population

densities of 七he laser lower states under 七he op七im cozldi七ion

for the laser action.27) They are insufficient to estimate

the influence of the population densities of the laser lower

s七a七es on 七i'1e laser ou七pu七 powers. :しioreover, as 七hey were obtained

with 七he absolute line-in七ensi七y measuremen七s using 七he standard

lamp and with the laser gain measurements. the errors in the

experimental results may be large. Therefore, it has not been

made clear whe七her 七he population densities of 七he laser lower

states have the significant influence on the laser output powers

or not.

The iritereS七 as 七o 七he exci七a七ion mechanisms in the

positive column -lie-Cd+ 1as.er discharge so far i8 mostly directed

七o 七he exci七a七ion processes七o 七he upper States Of七he Cd(工I)
q

4416 and う2うO A laser lines. Silfvast has propo8ed七ha上土he

Penning exci七a七ion process between He a七om8 in the He(工) meta-

s七at)1e s七a七es and C丘 a七oms in the ground s七a七e, as described in

eq.(1.1), is七he且ominan七exci七a七ion process tO the laser upper

s七a七es.5)

He(2うs or21s).cdナHe. (Cd+)★.e'K.E.,

where (Cd+)★ i8 the Cd(II) excited 8ta七es, e i8七he ejected

(1.1)
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electronland A.E. is the kinetic energy･ Laterl the collision

cross sections of the Penning excitation process have been

measured wi七h 七he after-glow 七echniquel and i七bas been found

thaセセhei, are very large ( 10-15- 10-14 8n2 ).28-う1)

In七.rle neX七s七ep,the population densities of七he Tde(I)

metastable s七a七es in t1-,ユePOSitive col-n lie-Cd+ laser discharge

have been determined with the absorption method2う･24) and with

the a-look
method.26)

The Cd atom density depen且ence of the

population aensi七y of七he upper 8ta七e of the Cd(I工) 4416 orう250

CI

A laser line could
-De
explained fairly well with the measured

population densities of the He(I) metastable 8tate8
by a88umiilg

only the Penning excitation proce88. Howeverl a COnSiderable

discrepancy was found loe七ween 七he discharge current dependences

of the population densities of 七he ;LIe(I) me七a8七able s七ate8

and七hose of 七he laser upper sta七eB. The population densities

of the He(I) metastable st?tea are Saturated in the low discharge

Curren七 regionI While those Of 七he laser upper B七a七e8 are

saturated in 七be much higher discharge curren七 reglOn.

On the other handl the calculated population density of

the He(I) 2うs state increas占d linearly up七o a discharge current

around loo
mA.う2,うう) Therefore, a complete discrepancy Was found

between the measured population density of七he He(I) 2うs state

and the calculated one.

These discrepancies may come from defects in the measurement

and calcula七ionsI Or may be caused by neglecting excita七ion

processes other 七han 七he Penning exci七a七ion process.
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ざrom 七i''ieeXPerirrlen七al results mentioned above, Iviiya2;aki

e七a1. have supposed七ha七the lute atoms in the -i:ie(工)2うp and

21p states also come into the Penning collisions With Cd atoms

in 七he ground state, and proposed 七o take th,e sum of the

population densities lllm of七he hT･e(I) firs七exci七ed s七a七e8

( 2うs, 21s, 2うp, 21p ).26) Buセセhe discharge curren七dependence

of lJm was still insufficienセセo explain those of the population

densities of the laser upper states.

工n order to make clear whether 七he Penning excita七ion

process is the dominan七 exci七a七ion process 七o the laser upper

states or not, it is necessary to carry out accurate mea8urementS

as to 七he population densities of 七he lie(I) metaBtable 8ta七e8,

and to give theoretical interpretation8 for the dependence8 0f

them on various experimental parameters. E8PeCially, the

discharge current dependences of them have to be made clear

七heore七ica11yl because a complete discrepancy eXis七8 between

the experimental and 七heore七ical results a七pre8en七 as mentioned

above.

′

On 七he other hand, Janossy e七 al. have proposed tha七 the

collisions between elec七ronsand Cd+ ions in the ground s七a七e

have to t)e taken into account as well as 七he Penning collisions

in the high discharge
curren七region.う4)

They 8uPPO8ed that

th'e cd(II) ground s七a七e was eXCi七ed mo8七dominan七1y by the

Penning exci七a七ion process. The population densities of 七he

cd(II) ground s七a七e and the He(I) 2うs state were calculated

wi七h =.ate equations, and i七 was derived 七haセ セhe population

density of the Cd(II) ground 8七a七e as well as tha七of the He(I)

2うs s七a七e was saturated in the low discharge curren七region.
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This con七radic七s 七he discharge curren七 dependences of the ion

densities obtained with七he double probe measurement.う5)

To make clear vlhe七her 七he s七epwi8e eXCi七a七ion process

from 七he Cd(II) ground s七a七e is the 丘ominan七 exci七a七ion process

七o 七he laser upper s七a七es or notl We mu8七measure 七he population

density of 七he Cd(II) ground s七a七e accurately. However,there

is no reliable me七hod 七o determine it a七 presen七.

工n the calculation of exci七a七ion ra七es 七o the He(工), Cd(工),

or cd(=I) excited s七a七es by s七epwise
Lop
direc七exci七a七ion process,

the electron energy distribution function as well as the electron

density must be knov7n. Assuming the ry･Iaxwellian electron energy

dis七ribu七ionI七he elec七ron 七empera七ure and density in various

positive column He-metal dischargeβ have been measured wi七h 七he

double probe method.う6-う8)
Bu七it seems difficul七to explain

比e dependences of the measured population densi七ie8 Of the He(I)

or Cd(I) excited states on various e‡perimental paエーameter8 by

using the Maxwellian electron energy distribution function･

Actually, it has been observed tha七 the electron energy di8七ri-

bution in a discharge at medium pre88ureB is far from七he Maxwellian

one.う9-41) I七has also been a88ured from the theoretical calcula-

七ions based on the Boltzmann
equation.42-45)

The reliabilities

of the measured or calculated electron energy di8七ribution

function havel howeverl nO七been verified ye七･ We have 七o examine

the electron energy distribution more quantitatively.
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与1･う･Purpose and Composi七i?n of the Dissertation

since the positive column He-Cd+ laser is the most valuable

commercia1七ype ‡壬e-metal laser at Present, investigations of

the exci七ation mechanisms of i七 are slgnifican七 from 七he not

only physical but also practical points of view. However, sevaral

problems as to the excita七ion mechanisms in 七he positive column

He-Cd+ laser Still remain unresolved as mentioned in the preceding

see七ion.

The purpose of thi8 dissertation i8 tO resolve those

problemE! and to make 七he excita七ion mechani8n8 0f 七he laser upper

-a lower s七a七es in七he positive col-n He-Cd+ laser Clearl and

then to interpret the characteristics of the laser Output power

quantitatively. Although the laser oscillation is attained at

O 0

the Cd(工I) 4416 A and う250 A lines,the excitation mechanis皿S Of

O

the Cd(II) 4416 A laser is discussed mainly in this dissertation

because i七 can be considered tha七 the exci七a七ion mechanis皿 Of

o O

the Cd(II)う250 A laser is the same as that of七he Cd(II) 4416 A

laser.

To accomplish the above purpose, the following experiments

and calculations have been carried out. (1) A new absorption

method --modified absorption methodI† iB developed, with which the

absorption coefficients can be nea8ured accurately even in the

ultraviolet region. (2) Ⅵ■i七h七he modified ab80rP七ion皿e七hod,

the population densities of the Cd(工=) and Cd(I) grolmd 8七ate

are measured, and also 七ho8e Of various eXCi七ed 8七ates except

for 七he laser lower state. (ラ) The electron energy dis七ribu七ion

function in the discharges used for the He-metal la･sers is

calculated with using 七he Bol七21mann equa七ionl and 七he reliability
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of iモis exazrlined.

of the Cま(二I: 441(,

(4
′ヽ

A

) The population density of the lover s七a七e

line is measured. under the various conditions

for 七he laser action oy combiring the modified abBOrP七ion method

with the laser gain measurement, and the contribution of it to

l七he laser =u･o.tvL:er i=- eEl･七iI:Krう･七e,3･.(5) Theoretical expI,anations are

given for 七he dependences on various experimental parame七ers事

particularly on the discharge currentl Of the population den-

sities of七he三;e(I) me七as七able s七a七e缶. (6) Finally, the exci七ati.on

mechanisns in the positive column He-led+ laser are discussed

quantitatively with using the results (1) to (5).

This dissertation is composed as follows. In Chapter 21

we describe the principle of七he modified absorption method and

the results oこ 七i-ie 言Opula七ion density of the Cd(工I) ground s七a七e.

In Chap七erうI We describe a zrie七hod to de七er皿ine- the population

densities of highly excited states with.the modified ab80rP七ion

method･工n Chapter 41 it is shown七hat 七be electron der18i七y in

the ‡王e-metal discharge at medium pressures Can be determined

with the modified double probe method even七hough七he elec七r9n

energy dis七rit)u七ion in iもis non-I4axwe11ian. The measure.a

electron density is presented. In Chapter 5, we describe 七he

results on the He+ and Cd+ ion densities Separated by combining

the modified absorption method with the modified･ double probe

me七hod･ The ior'･iza七ion mechanisms are also di8CuS8ed.工n Chapter 61

the population densities of七he He.(I) excited sta七eB measured

ldnder the various experimental conditions are presentedI. and the

sa七ura七ion mechanisms of七he population d甲Si七ies of the He(I)

metas七able s七a七es are discussed in detail. In Chapter 7, we

丘escribe the results on七he po即1ation densities
of坤e upper
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and lower states of the Cd(II) 4416 i line. In Chapter 8, the

exci七a七ion mecilanisms 七o 七he upper and lower s七a七es of the

C

Cd(II) 4416 :'i line are discussed with using rate equations and

the results presented in Chap七ers う 七o 7.
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chapter 2. I･加ified lt/DSOrPtion IL;ie七hodl)

$2.1. Introduction

ln order 七o calculate collisional rates of various exci七a七ion

processes to the laser states in the positive column ( PC )

lie-Cd+ laser dischargel i七is indispensable七o measure exac七Iy七:ne

Ee+ and Cd十ion densities and七he population densities of七he

various excited s七a七es of He(I), Cd(工),and Cd(II) which relate

七o 七he laser s七a七es. The population densities of 七he :Fie(I)

皿e七as七able s七a七es, the Cd(工) ground s七a七e,the low lying Cd(I)

O

excited states, and七he upper s七a七e of the Cd(=I)う250 A line

have been determined experimentally with spec七roscopic methods.2,ラ)

On 七he other handI七i･1ere are nO reliable experimental data

on the ion densities at present. Silfva8t tried to determine

the population density of the Cd(II) ground state with the

Ladenburg-Reiche
method.4) This method employs two identical

but separate discharge81 One Of which i8 the plasma tO be

investigated and the other acts aS a light source.5) =n the

case of 七he rle-metal gas mixture discharges, however, iもis

difficu1セ セechnically 七o reali21e an equal metal vapor pressure

in the two discharge tubes. Thereforel the results obtained

wi七h 七his me七i10d may contain largeuncer七ain七ies. Moreoverl

the inner diameter of 七he discharge tube used in ref.4 was Very

large ( 10 mm ) in comparison with those used for the He-metal

lasers, a･nd the control of the Cd atom density was probably

not good. The measured results in re.f.4, therefore, cannot be

used in七he quanti七a七ive study of七he PC Fie-Cd+ laser.

Although the ion densities were obtained from the double
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probe measure･Tien七in ref.61 they contain large uncer七ain七ies

because the mobility of Cd十ions is no七known exac七Iy' ThereforeI

we mlユS七 develop a new me七hod 七o de七ermine 七ile ion densities

as well as 七he population densities of 七he.iqe(工) me七astalole

s七a七es.

An absorption method has been developed as one convenient

me七hod 七o determine population densities of various excited

s七a七es in gas discharges･う,7,8) The
principle of i七bas

been summarized in ref.7. There are three measuring methods

according to what type of light source is used. (i) The

Ladenburg-Reiche method which was used by Silfvas七in ref.4.

As mentioned abovel howeverl this method iB not Suitable for

the measurements in the ‡ie一皿etal diBCharge8. (2) A method using

a completely differen七1igh七source from the plasma to be

inves七iga七ed.9) This needs additional equipment and information

abouセ セhe spectra of七he ligh七 80urCe. (ラ) A Self-absorption

inethod developed by i:iarri80n10) in which one discharge tubeand

a reflective mirror are used. The discharge i七8elf is a light

source and at the same timel is the plasma tO be investigated.

Browne and i)unn used 七hi8 method七o de七emine population densi-

ties of several excited 8tate8 in the PC He-Cd'1a8er discharge.2)

Althougn 七his method is simple and good} it iB neCe88ary tO
l

estimate a reflectivity of the mirror and a tranBmisBivity of

a window of 七he tube exactly. The e8七ima七ion of them iB Very

difficult･エーioreoverl七he
reflec七ivi七y or the 七ran8missivi七y

may change in the course of the experiment.

By modifying a conven七ional七ype of discharge tube▼ a

simple absorption method has been developedl With which we
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can obtain exac七 absorp七ion coefficients of visible and

ultraviolet lines in a cataphore8is type of discharge without

any mirror or different light source.

鼻2.2.Principle.I the }･Ieth.a

Figure 2-1 show8 七he diagram of 七he actual discharge

tube an且other experimental arrangenen七of七he modified absorp-

tion method･ The principle of the method is a8 follows. The

di8Charge 七ube has one anode A and 七wo identical cathodes Kl

and K2･ First the discharge is obtained between A and Kl.

From七he schematic diagram of七he optical arrangemen七shown

in Fig･2-2, the light inten8i七y =A_Kl from the plasma I of A in

lengthl Which reaches a monochoromator七hrough七wo identical

aper七ures APland AP2 of a in dia皿e七er, i8 given by
eq.(2.1)

when七he plasma is spacially uiform and d《a, b,弧d 2.10)

･A_El -

Ct掛Iニ′Idx2
I(y,叫｡f(h}

-

c軌q /;y･〔1-

expトk｡f(y,,")･ (2.1)

Here, Cl and C are cons七an七8 relating 七o 七he ratio of 七he emi88ion

and absorption coefficien七8, and CIニkoC･ e is七he half angle

subtended at the center of AP2 by APl, Fq i8 the transnissivity

of the window, I(ソ) i's a function giving七he line profile, and

ko is the difference of the absorption coefficient and the

induced emission coefficient at a certain frequency within



PLASMA Ⅱ Ⅰ

Fig.2-1. Schematic diagram of the modified absorption method･



Fig.2-2. Optical arrangement of the modified absorption method.
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the line profile･ Nex七I the discharge is switched from A-Kl

七o A-K2.
･The
ligh七in七ensi七y from七he plasma I + == of 2A in

length, IA_K2, is obtained by replacing exp‡-kof(y)Ll
by

exp†-2k｡f(y)且‡
in eq･(2･1) merely･

Therefore･ we obtain that

a(ko2) -

IA_K2/IA_Kl
- 1

1昌一expトk｡f(y･,"]･expトk｡f(y,,&Idy′

17.-expトk｡f(J仙y′
(2.2)

In deriving eq.(2.2), the multiple reflection on the tube wall

has been neglected because it is negligibly small in our optical

sys七em･ ⅠJo七e七haセセhe七ransmissivi七y Fq of七he window never

appears in
eq.(2.2).

Generally, f(V) is a profile composed

of several hyperfine splitting and isotope shift components･ =t

is extremely impor七anセセo know accurate f(ゾ) in orde.r七o get

exact population densities. From
eq.(2.2),

we can calculate

a(ko旦) as a function of ko且･ =七can be
seen七ha七G(ko且)

is a

single valued function of ko色,and七hat a(koA) decreases aS

ko史increases･ Figure 2-うshow8 a(ko久) as a function of 汝o且

in the case.f the single Doppler broadened profile fI)(V), which

is 80 normalized aセセhe line center Vo tha七fI)(Yo) - 1･

on the other hand, i七has been shown tha七7)

･l(.一説,

8Trgl koJe

入o2g2 A2

(2.ラ)
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Fig･2-う･ G(ko2) as a function of ko2 in the case of七he single

I)oppler broadened profile.
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Herel the subscripts i and 2 denote the lower and upper states

of the op七土cal七ransi七ion, respectively, Ⅳ 土s 七be population

density, g is the statistical weight, ^o i8 the wavelength, and

A is the transition probability.

By measuring the ratio =A_K2/IA_KI Of the endlight

in七ensi七ies･ we obtain koÅ fron七he functional dependence of

C-(ko久) on ko丸in eq･(2･2)･ Provided tha七glN2/g2NI Can be

neglected compared with -i七y ( in most CaBe8 glN2/g2Nlio･02 ),

NI Can be determined from
eq･(2･う) with hop obtained above･

昏2.ラ.Experimental Setup

A discharge七ube ofう.5 mm inner diameter ( I.I). ) was used

mainly in七his experimen七I but also a tube ofうmm Ill)･ was used･

The length of七he plasma I was 5 cm in七he 七ube of う.5 mm I･D･,

and it was う cm in 七he 七ube of う m =.D.. The diameters of the

apertures APl and A‡'2 were both 0.4 mm･ Since a
=うO

cm and

b = 10 cm) only the ligh七emiセセed from the region Of about

o.9 mm in diameter of七he plasma COlu皿COuld enter into the

entrance slit of the monochoromator. The change of the popu-

lation density within七ha七region i8 1ess than 10 o/6 assu皿ing

that the radial distribution of it i8 given by the Bessel

function of the zeroth order.

The capillary part of the tube was put in an oven of

600 K and 七he 七ube was connec七ed 七o a flask of large volume a七

room七empera七ure七o keep cons七an七the He atom density lqo in

the capillary part irrespective of the discharge current･ Then

TIo is glVen by
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No= 1･78Ⅹ 1016po cm-ノ,

■Z

(2.4)

where po is七he initial He pressure in Torr a七room七emperature･

The Cd source was heated by a separate oven and the temperature

was COntrOlled within +1
oC.

=n this method, the 8Witching from A-Kl to A-K2 of the

discharge could be done with keeping COnStant the temperature

of the Cd sourceI七ha七isI七he Cd vapor pres8ure･ A七 one and

a half minutes after switching aセ セhe longe8七,七be discharge

condition aセセained was comple七ely 七he 8ame aS before 8Witching.

This could be easily observed from the relative change of the

in七ensities of spectral lines 0f七he He(I), Cd(I), and Cd(II),

which were measured from 七he Bide of 七he discharge 七ube with a

monochromator and a photomultiplier tube. We call the intensity

of a spectral line measured from 七he 8ide of 七he di8Charge 七ube

--Sidelight in七ensi七yn for convenience in 七hi8 dis8er七a七ion.

When the discharge A-K2 wa8 Obtainedl the leakage of Cd vapor

to the branch KI was very slight. It was Checked with the Cd(II)
9

4416 A sideligh七 and also endligh七in七en8i七ie8 aセ セhe op七im吐m

condition for 七he laser ac七ionI Which had a low gain for 七he

5 cm or う cm plasma. Then i七 wa8 COnCluded tha七 the lights

emitted from the pla8ma8 Iand =I were equal in intensity,

line profile, and frequency.

旨2.4. Applica七ion七o七he De七ermina七ion of the Population Den8i七y

of 七he Cd(工I) Grotmd S七a七e

Thi8 method was applied to七he PC He-Cd+ laser di8ChargeI
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and七he population density of the Cd(==) ground s七a七e, the

cd(==) 5s2sl/2 S七a七e･ in七he PC He-Cd+ laser discharge has

been determined directly from the measurement of the absorption

O

coefficien七of 七he Cd(=I) 2265 A line and also from tha七of

O

the Cd(==) 2144 A line. Those lines are shown in Fig.2-4 together

wi七b o七ber Cd(Ⅰ工) ユines.

=n 七he case of七he spectral lines of Cd of natural iso七opIC

abundance■ which consists of six even iso七opes an丘 七wo odd

iso七opesI七he line profile is complicated due 七o 七he isotope

shifts and hyperfine spliセセings. Assuming 七ha七each component

in the profile had a Doppler broadened profile and also that

the natural width was very small compared with the Doppler width}

the line profile f(ゾ) was calculated. The ion七empera七ure of

the Cd(=I) line Was assu皿ed 七o be abou七1000 K from 七he data

in refs･ll and 12 ･
For the sake of convenience} the profile

I(y) of each Cd(==) or Cd(I) line is so normalized that

f(ソ112) - 1 in this dissertation, whereソ=2 is the center frequenc

of七be isotope Cdl12 component.

Figure 2-5(a).shows the line profile I(I) of七he Cd.(=工)
0

2265 A line, and Fig･2-5(b) sb-ows G(ko旦) as a function of ko且･
O

Those for the Cd(=I) 2144 A line are shown in Figs.2-6(a) and.

2-6(b). The data concerning the isotope shifts and. hyperfine

SPliセセings for 七he tt･TO lines were oID七ained from ref.1う. The

transition probabilities were quoted from ref.14.

The population density of the Cd(==) ground s七a七e de七ennined

O

with七he Cd(I) 2265 and also 2144 A line is shown in Fig.2-7
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Fig.2-4. Energy level diagram of Cd(I=).
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Fig.2-5(a). I'ine profile of the Cd(II) 2265 A line. The number

ad3acent to each component is the ma88 number. The

components due to the odd isotopes are labelled by

a, b, and c.
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Fig･2-5(b)･ a(koA) of the Cd(I=) 2265 A line a8 a

function of kol･
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Fig.2-6(a). Line profile of七he Cd(II) 2144且Iine. The number

adjacent to each component is the mass number. The

components due to the odd isotopes are labelled by

a, b,and c.
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Fig･2-6(b)･ G(koL) of七he Cd(工I) 2144 A line as a

function of koP･
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aB a function of七he Cd atom densit_y七ogether with the Cd(==)
0

4416 A sidelight intensity. The discharge current was 100 mA

and the initial He pressure Wa･S 5.5 Torr, which v.ere close

to the optimum condition for the laser a.ction. The actual He

atom density in七he capillary par七was abou七6.2 Ⅹ 1016 c皿-ち

in the presen七experimen七al sys七em･ The Cd atom den8i七y shown

in a horizontal
axis was de七emined with the Cd.(I)う261

O

A line.

Figures 2-8(a) and 2-8(b) show七he line profile and G(koR) of

地e Cd(=)う261五1ine, respee七ively.

与2.5. Reliability.I the I.･Ieth.a

The pre8en七me七hod is superior七o七he self-absorption

method ( SAM ) in three points: (1) The measurable quan七i七y

=A-K2/=A-Kl -1
in
eq･(2･2) is connected directly with G(ko且)

in七he presen七me七hod while iもis given- by FFq2G(Ro且) in SAfJ;I

where F is the reflectivity of the mirror. AB nO information

about F or Fq is needed, accurate measuremen七of the absorption

coefficient can be made even in the ultraviolet regionp and

even if the contamination on the window increases. (2) =t has

been reported that the ion drift velocity i8 rather large in

the He-metal discharge.15) Doppler Shifts due七o i七cau8e nO

differerlCe Of the frequencies between the line profile of the

lights =A-Kl and =A-K2, because both of七hem propagate from the

Plasmas 七o the monochorama七or in七he same direc七ionI While

in SAITII, the two profiles shift in frequency oppo8itely.

(ラ) The alignmen七of the op七ica.i system is.easier than that
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Fig.2-8(a). Line profile of the Cd(I)う261且1ine. The number

adjacent to each component is the mass number. The

eomponents due to 七be odd isotope8 are la†)elle且 by

a and b.
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in SA王唱, because only one discharge tube is used in 七he present

method while the discharge tube and the mirror are used in Sjll･i.

As shown in Illig.2-7,the agreement of 七he 七wo results

O

obtained with 七he Cd(II) 2265 and 2144 A lines is quite well.

0

王一三oreover, the Cd atom density measured wi七h 七he Cd(I)う261 A

line coincided with the value obtained from the temperature

of 七he Cd source and a diffusion equation quite well. These

fact8 Show thaモ モhe presen七me七hod is very reliable and usefulI

particularly at the absorption mea8urement8 in 七he ultraviolet

region･ The errors of the absorption coefficients and relative

population densities are 8ma11 although the absolute values

of them depend on the errors of the measured transition

probabilities.

The hook method described in ref.16 also can be applied

to de七emine セヒe population den8itie8 0f various eXCi七ed states.

In this methodl although we need not know the line profilesl

it is not possible to obtain the population density of the

Cd(=I) ground s七a七e in the laser action r?gion aB long a8 an

extremely long tube is not used. Moreover* the alignment of the

optical System is rather difficultl and 七he BPaCial resolving

power is not good.

隻2.6. ConcIBion

A method was described with which we could easily obtain

exac七 ab80rPtion coefficients no七 only of vi8ible line8 but

also Of ultraviolet line8 tO detemine population den8itie8

of various excited states in a ca七aphore8i8 tyPe Of positive
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column gas discharges. The favoralole points of 七he modified

absorption method are 七ha七only one discharge 七ube is usedl

that a mirror is not necessaryl and that we need not know the

七ransmissivi七y of 上llie Window. These enable us 七o ot)七airi Very

reliable results even in 七he u1七raviole七 reglOn. This method ユaS

I

been applied 七o 七he ‡)C王･ie-Ca† 1as･er dischargel and i七has been

confirmed that the method give8 an accurate Value of the popula-

tion density of the Cd(II) ground state.

In the visible regionl naturallyl the modified absorption

method gives more reliable resultB 七han SAUL. Therefore, we can

determine the population densities of the He(I) first eXCi七ed

states ( 2うs, 21s, 2うン, 21p ) and those Of the low lying Cd(I)

excited s七a七es with this method accurately.

The modified absorption method will be used to determine

various parameters of七he PC王ie-Cd+ laser discharge in the

following chapte工･S.
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chap七er う. ⊃e七emination :tie七IriOd of Population ijensi七ies of

∴1ghlyニⅩci七ed S七a七es

;,･う.1･工n七roduc七ion

=n the uiuan七i七a七ive study of the ffC TLie-Cd十Iaserl iもis

necessary to determine the population densities of the laser

upper and lower s七a七es and七hose of excited states of he(工),

Cd(工), and Cd(II) rela七ing七o 七he laser s七a七es. Tile pOPulatiorl

densities of 七he i;e(I) first excited s七a七es or七bose of七he Cd(I)

and Cd(II) ground states can be determined with the modified

absorption method described in the preceding chapter. iiowever,

i七is difficu1セ セo measure 七he population densities of the

laser upper states or those of highly excited 8七a七es of he(工),

Cd(I), and Cd(II) directly with this method, because the absorp一

七ion coe王-fieien七s of 七be op七ical七ransi七ions 七ermina七ing in

those states are very small and 七he fractions of 七he light

iptensities absorbed in七he short discharge length A are hardly

丘e七ected.

In pririCiple,the population d･ensi七ie8 0f excited states,

from which op七ical七ransi七ions 七o lower s七a七es are allowed,

can be determined by measuring the absolute intensitie8 0f the

spontaneous emissions when the transition probabilities are

known. To this endl the absolute sensitivity of the optical

detection system must be calibrated. One of the most Simple

methods of 七he calibration is 七o use 七he standard la皿P 8uCh as

the tungsten-iodine lamp.1) This method of calibration'however,

has the following 七hrec-
problems;(1) The 七ungs七en-iodine lamp

ha8 the continuous spectra while the 8POntaneOu8 emissions
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from七he PC fie-metal discharges have line spectra.

(2) 'llhe geo'7ie七rical siliaPe Of 七iie 七ungsten-iodine lamp is different

from 七hとi七 of tile disciriarge 七ube. (ラ) I七is difficu1セ セo es七i皿a七e

tl-ie SOlid arigle subtended a上 土i'ie ligh七 source Dy 七he 皿OnOC上1OrO-
｢

mator.

In 七his chapter,the population densities of 七he highly

excited states ofヱie(I), Cd(I), and Cd(工工) are determined by

combining the modified absorption method with the sidelight

in七ensi七y measuremen七8.

§う.2.Principle of the i,J･iethod

The energy level diagram of Cd(エ) i8 Shown in Fig.うー1.

We consider here a pair of七he optical transitions; the Cd(I)
O o

4800A ( 6日r5sl - 5pうpl ) andう261 A ( 5pうpl - 5s21so ) lines･

The
population densities of the upper and lower states of the

O

cd(I) 4800 A line,山2 and Nl, respectively, are rela七ed七o七he

O

absorp七土on coeffic土en七of the Cd(Ⅰ) 4800 A ユine by

gl⊥･･2
Nl --

g2

8花gl

k.Alf7y,)
dy

入221g2A21A

O

Here･入21 i8七he wavelength ( 4800 A )I A21 is七he七ransition

probabili七yl and other symbols are 七he Bane aB those used in

eq･(2･う)･ The line profile f(ソ)and the func-Lion G(ko2) for

the Cd(I) 4800且Iine are Shown in Figs.うー2(a) andうー2(b),

reBPeCtively･ By measuring koA wi七h七he modified absorption

method･ we can obtain Nl-(gl/g2)N2 from
eq･(3･l)･

(ラ.1)
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On 七he other ha_Tld,the absolute in七ensi七ies

O

spontaneous emissions of the Cd(I) 5261 A and 4800

uni七volume, =1 and =2, respectively, are givenやy

Il -

?NIA10hc/^10･

工2 - Ⅳ2A21hc/入21,

and

of

O

A

七be

ユines per

(ラ.2)

(ラ.ラ)

where AつO and入10 are the七ransi七ion probability and the wave-

0

length of七he Cd(I)う261 A line, respectively, c is七he light

velocity, an丘h is the Planck
con8七an七.ヲis

a factor relating

O

七o 七he imprisonmen七of七he Cd(I)う261 A line, which can be

calculated from the population a.ensi七y of the Cd(I) grotm且

state.4-6)

Ac七ua11y, Nl and 'ltlT2have radial dis七rilDutions･ =七may be

assumed, however,七haセ セhe

do no七 丘iffer considerably

of七he Cd(I)う261 and 4800

equal to =1/=2･ This means

by measuring七ILle C丘(I)う261
P +

with 七he op芯ICal de七ec七ion

radial dis七ribu七ions of h'l and Ⅳ2

from eaeb o七ber, and 七be ratio

O

A sidelight intensities is nearly

七ha七the ratio Ⅳ1/ilJ2Can be d･e七emined･

O

ana 4800 A Bi丘eligh七in七ensi七ie8

system 'whose relative energy sensi-

七ivi七y as a function of the wavelength is known･ Then LJI

can be obtained by combining eq.(ラ.1) wi七h
七he ratio. The

absolute in七ensi七y of七he spon七aneou8 emission =1 is determined

from
eq.(ラ.2).

Once =1 is determined, the absolute intensity I of any

spontaneous emission per uni七volume in the pure He or He-metal

discharge also can be determined by measuring the ratio of the
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sidelight- intensities provided t'nat the radial distribution

of each spontaneous emission is the same･ The population

density of 七he upper s七a七e of each 8PeC七ral line canbe determined

by knowing the transition probability.

0

=n determining the absolute intensity of the Cd(I) 5261 A

line, the七rapping
coefficien七7

in eq･(う･2) mus七be eval'ua七ed･

Assuming tha七the optical depth koR is small compared with

uni七yI Where R is the 七ube radiusI We See 七haセ セhe radial

distribution of the population density Nl(r) of七he upper state

O

of七he Cd(I)う261 A line is scarcely affected by七he effect

of the imprisonment of the radiation. Thereforel it may be

assumed七ha七Nl(r) is given by Nl(r) - NIJo(r/^), where Jo(Ⅹ)

is 七he Bessel function of 七he 乙erO七h order and ^= R/2.41. A8Suming

七haセ セhe population density of the Cd(I) ground s七a七e is uniform

over the discharge七ube,七he七rapping
coefficien七7

is calculated

in a manner similar七o 七ha七in ref.4, an'd iもis given by

00

ヮ-.
-

t^2癌G2mF2m,R2Jl(a/^,Jk｡R･
where

and

言-Ifn;(v･,dy･ , 1fn.("dV･,･
〃

｡2m -

∧-5/a;/a;I
r2m･.J｡(r,^,,r.2m,

O ど

ぎ2m - (2兄)-

2TL

P2m( cos9)
d㊤･

(ラ.4)

(ラ.5)
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工n eqs･(う･4) and (5･5),
ko is七he ab80rP七ion coefficien七of也e

cd(I) 5261 ill line a七the center frequency of七he iso七qpe Cdl12
0

component･ fl(ソ)is七he line profile･ and Pn(Ⅹ) is the Legendre

polynomial of七he n-七h order. Figureうーう8howsフa8 a function

of koR･

与う.5.Experimental and Results

The experiments Were Carried out wi七h七wo discharge 七ubes

made of quartz: Which had七he 8七ructure$ 8imilar七o七hoBe used

in the preceding chapter. The sidelight intensities were measured

with七he

,type

lう9 Hi七achi UV-TIS spec七ropho七ome七er ( Hitachi Ltd･)

and七he a-106 pho七omul七iplier七ube ( Hamama七8u TV Ltd. ). The

relative energy sensi七ivi七y G(A) of the optical detection system

was calibrated as a function of 七he waveleng七h入wi七h an

Op七ronic Laloora七orie8 model 220 A 8七andard lamp. I七i8 8hovn

in Fig.5-4.

A七 a low Cd atom denBi七y, where 七he 七rapping coefficientク
0

of 七he Cd(I)う261 A line i8 nearly equal七o 1,七'he population

density I寸1 0f the upper state and the 8ideligh七intenBi七y工1

of 七be Cd(Ⅰ)
○

う261 A line were measured in a manner described

above. The measuremen七8 Were repeated abou七 う0-60 time8, and

the average values of Nl and II Were Calculated･ U8ing the

measured sideligh七in七ensi七y I入Of a spectral line ( wavelength

A. transition probability A> ), the population density N^ of

the upper state wa8 Calculated from

!vT入=工了1
G(入10)エ^^Al･0

G(入)工1入10A入
(ラ.6)
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These measuremen七s were carried ou七under various experimental

conditions. The measured results in 七he discharge 七ube of う.ラ

mm I.D. are summarized in Tables うー1 and うー2. The spectral lines

of 七he Fie(工) used in the mea8urementS are Shown in Fig.うー5

together with other He(I) lines. In determining the population

density of each excited s七a七el the trapping coefficient was

Calculated in a manner similar to tha七in eq.(ラ.4) assuming

that the radial distributions of the population densities of

the upper and lower s七ate8 Were Of 七he Be8Sel function of zero

order.

The population density of the upper state of the Cd(II)
0

4416 A line dete-ined with the method will be used in Chapter 7

七o obtain the population density of the lower state of the Cd(II)
O

4416 A linel and in Chapter 8 to discuss七he exci七ation

mechanism quantitatively.

A more detailed di8CuS8ion about the reliabilitie8 0f 七he

measured results will be given in Chapter 6 by comparing them

with the theoretical results calculated from the rate equations.
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P

koR

/ig･うーう.. Trapping coefficienモクof七he Cd(I)う261ヱ
1ine as a function of koR･
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Fig.うー4. Relative energy sensi七ivi七y of optical

detection system as a function of wavelength.
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Table うー1. Population densities of He(I) excited states

in七he pure He discharge;ラ.5 mm I.I)., discharge

curren七of 100 mA, initial He pressure of う.5 Torr.

S七a七e _Wave-

length(五)

℡rappユng

Coeffi¢ien七
Ⅳ(cm-ラ)

He(I)う1p 5016 0.9う ラ.710

4lp う965

う889

0.98

0.91

ラ.19

ううp 7..9ー0

45p う188 0.95 4.79

41D 4922

4う88

5876

4472

0.96

0.99

0.51

0.87

7.49

51D 1.49

ううD 1.711

4うI) 1.810

5うD 4026 0.96 4†09

6うD 5820

50ヰ8

471う

4121

0..98

ー.00

0.99

1.00

1.29

41s ラ.う9

4うs 7.49

ううs 1.69
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Tableうー2. fopula七iorl densities of excited s七a七es of王-Tie(I)

c亡(/_), and Cd(ITJ) ir=七he T{ie-Cd discharge',1

う.5 :.-lm =.D.I discharge curren七of lOO mA, initial

i:-e pressure Ofう.5 TorrI Cd atom density of

l.5Ⅹ 101うcm-ラ.

S七a七e
Wave-

0

1eng地(A)

Trapping

Coefficient

N(cm-ラ)

He(I)う1p う016 0.96 1.う1○

うつp う889 0.94 2.710

ううD 5876 ○.68 6.410

41⊃ 4922 0.98 ラ.19

ヰヨs 471う 1.00 ラ.09

cd(I)5pうp1 う261 0.94 6.711

1.41○6sうs1 480○ 0.87

c且(Ⅱ)5s22○5/2 4416 1.00 7.71○

5s22Dう/2 う250 1.00 9.69
7

9.64f2F5/2 ううう7 1.00

4f2F7/2 うう78 1.00 1.78
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Chap七er 4. ⊃e七ermina七ion of 七he 'inec七ron ⊃ensi七y in a PC三三e-Cd

ni)isc三-large ir~丈aving 七he Non一三､･:axwellian王:1ec七ron三nergy

⊃is七ribu七ion

§4.1.工ntroduc七土on

The electron density in七he PC iJle-Cd+ laser dischar･ge

is necessary to calculate electronic collisional rates. The

electron density in PC T_1:e-metal discharges have been measured

wi七h七he double probe me七hodl-ラ) because of its simplicity and

good spacial resolving power. In the method, one had 七o use

ambiguous values of 七he mobili七ies of ions in gas mixtures, and

the uncer七ain七ies of 七he results were large. It'ioreover, the

knowledge abouセ セhe electron energy di8七ribu七ion function ( TiD云1 )

is needed.

If Ei)F is :t!'iaXWe11ian in a pure fie discharge a七 a medium

pressure,the electron density in it can be determined from

Dote･s formula wi七h七he conventional double probe method.4)

In a lie-metal dischargel I.･riizeraczyk proposed the modified double

probe me七hod5) in which one need no七use ambiguous values of

the mobilities of ions in a two-component gas discharge. EDY was

assumed to be I/iaXWellian in 七his case also.

I七 bas 七)een pointed out from 七he experimental results

and also from 七he 七heore七ical analy8eS 七ha七E⊃F is non-Maxwellian

in some discharges at medium pre8Sure8 Which are used in PC

iie-metal lasers.6-12) The situation i8 the same also in the

pure三･ie discharges at medium pressures.工n the discharge,

high energy elec七rons which can excite a七om8 七o excited states

are significantly few in comparison with those in the case of
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七heトニaxwe11ian二っぎ of 七he saコ1e average energy. Tl'ierefore, i七

is questionable i;.七e七l{ier 七he electron density de七ermine丘 wi七h

the conventional or modified まouble probe method is correc七 or

no七in some モiTe and 二二e-metal discharges.

In 七his chapter, i七is s'{iOWn 七ha七 the electron density in

the PC三三e-Cd+ 1aser且ischargeI Where E⊃F is non-こJIaxwellianI

can be deter:.{lirled conveniently wi七il七he same modified double

probe method as used in七he case of七he ly･iaXWe11ian EDY.1う)

This method can be applied七o other PC ‡王e-metal laser discharges

at medium pressures generally.

i4.2. Fundamental Considerati.ns

4･2･1･ i;rinciple of the modified double probe method

The principle of the modified double probe method proposed

by F･Tizeraczyk5) is i11us七ra七ed in Fig.4-1. Two pairs of probes

1 and 2 are placed as shown in Fig.4-1. Because of the ca七apho-

resis effec七I the三ie-metal discharge is confined in七he region

between 七he metal source and七he ca七hodel and七he pure ‡王e

discharge is obtained in 七he region between the metal source

and the anode. A calculation show8 that 七he addition of the low

pressure metal vapor (i 10-うTorr )七.the discharge region

has little effec七on the mobility of elec七rons.5) The following

e(iuation is obtained from the con七inui七y of 七he discharge current

by assuming that the radial dis七ribution8 0f 七he electron den-

sities are the same in the two discharge regions.

e

nHe-metal
=

nHee･EHe/EHe_metal･ (4.1)
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where ne and三are七he elec七rorl density and the electric field

strength, respectively. The subscripts in eq.(4.1)
deno七e 七he

e

pure二e and :(三e-metal discharge reglOnS･ :iere, n-Tie and Eih:e are

determined t･v.i七h七he double probe 1,-a EIie-metal is measured

with the double proIDe 2･ =f nHee is obtained. we can determine

nHee-metal Whatever EDY in the He-metal discharge is; because

EHe and EHe-metal Can be measured direc七1yand accurately

regardless of EDF･ Therefore, we mu8七know how nHee Can be deter-

mined with 七he double probe method in 七he case Of the non-Maxwe11i-

Eユ)F.

4.2.2. Electron density and characteristic energy of electrons

in 七he pure Ti･ie discharge

To ob七ain 七he electron density in 七he pure He discharge,

our group has used Oo七e,a formula4) before. t七has been assumed

in 七he fomula tha七E工)F is !'･1axwe11ian, and セヒerefore,the

Einstein relation applies both 七o elec七rons and 七o ions.ヨowever,

iセムas t)een reported from 七he 七heore七ical calcula七ion8 七hat

EI汀in 七he pure ;J;e discharge is far from 七he I'.JiaXWellian EI)F

in the region E/p)2 V/cmTorr.10･11)In our present discharge,

as E/p is larger七han 5 V/cmTorr, we must regard EI)F as non-

Maxwellian and in七roduce七he charac七eris七ic energies,
10･14)

De/†e - eke･

Di/㌣i - Eki･

and

(4.2)

(4.ラ)
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Where D and ㍗ are七he
diffusion coefficien七and mobility of

electrons ( subscript e ) or ions ( subscript i ), respectively.

Then the electron and ion current densities, Je and Ji, reBPeC一

七ively, are given by

Je -

Oee▼ne十ene†㌔

= Deevne - (Deene/Eke)▼Ⅴ,

Ji =

-DieVnl + enl㌣iE

=

-Di叩nl
-

(Dienl/Ski)▼Ⅴ,

and

(4.4)

(4.ラ)

where ne and nl are the electron and ion densitiesl reSPeCtivelyl

V is the electric potentiall E is the electric field strengthl

-e is 七be charge O王■七be elec七ごOn.

Solving eqs.(4.4) and (4.5) simultaneously-in the 8ame

manner a8 ref･4 for a cylindrical probe of Rp in radius and
Je

in length under 七he condition that the plasma is quasi-neutrall

we obtain that

土･1n(⊥),e 1
n = ･-･･-

where

1
pO

2花(1 +e') eEke ㌣iOー~
､Rpqo

e'=eki/ eke,

and po is the gas pressure in Torr, li is the probe current

per unit length in A/cm･ and plo
is the mobility of He'ions

at 1 T.rr in cm2/vsec. e'is the rati..f the characteristic

′

energy of ions to that of electrons,and usually a((1.

(4.6)

(4.7)
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Rpqo is七he singular poin七of七he quasi-neutral solution, and

qo
is de七ermi-yle,i ii-i a [･-ianner Si皿ilar七o tha七in ref･4･ ;L三ere,′`ヽ

㌔eis given q=y

tke =

⊃e/ドe

=ノ3-･' QM
dx

,tf漕dxI･
(4.8)

where･ Ⅹ is七he energy in eV･ rxf(Ⅹ) is五っぎ･ and
lⅠ,.;1しⅩ)

is the
′

momentum transfer cross section for elec七rons in 三ie. Thi8 五DF

can be calculated from the Bo1七zmann transpor七equation given

by the following equation,9･11,12) which includes the following

processes for electrons; (1) the elastic collisions With He

atoms in the neutral ground 8tate. (2) the inelastic collisions

exciting He atoms from the neutral ground state to the first

excited s七a七es, (ラ)the direc七ioniヱa七ions of He atoms fro皿 the

neutral ground state, (4) the Coulom･b collisions between electrons,

(ラ)the s七epwise ioniza七ions of Tile atoms from七he He(I) first

excited states'.

亨E三eu/う三て丁.:;{I1.･i(u)+ (
2mkT/etv:)N｡Q王:i(u)u21･鴇半

+ (2m/丁､:A)･i.;o&TitI.:(d)u2f(u)

十lT｡辞oug'(u;i,'pf(I,d五十畠N/I:'h7:,I(A,a?

∪ら

u

･

ym2/2e2･(LIE(u)f(u)
I

2u/う･†IO2(u･)
+

JO_1(u)}･耕

= 0. (4.9)
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T{iere, u is the electron energy in eVI and

′p∂O

J

,/潅ご(Ⅹ)dx

= 1,

Jb
つ

y -

47C(e｣/4Hecln)2(1n人)n芸e,

I.o(u) - I;f(I,dx･

･…(u)
-

[fxu5/2f(I,dxI,u,
JO-1(u) - I; /f?I)dx,

u

(ヰ.10)

In
eqs･(4･9) and (4･10)･ No and Nh are the population density of

the He(工) ground s七a七e and七hose of the He(I) first excited

states, respectively. The latter were detemined experimentally

with the modified absorption method described in Chapter 2･
1う)

uog andヰog(u) are七he threshold energy and the cross sectionl

for inelastic collisions exciting ‡ie atoms from 七ile neutral

ground state to七be 蛋-tb excited states, respectively･ uh and

屯b(u) are七hose for七he s七epwi8e ioniヱa七ions of王ie atoms from

七he三一三e(I)first excited s七ates･ EHe is七he electric field

strength† which is determined with the double probe･ T is the

gas 七emperature ( = 6oO K ), k i8 七he Boltzmann constant.

n昌e,
m, and -e are七he density, ma88, and charge of七he electron,

respectively. ::i is七IJle mass Of the He atom, and ln入i8 the

Coulomb logarithm.

The fif七b 七erm in eq..(4.9) which
came from 七he s七epwise

ioniza七ions of -i三e a七omsI Was e8七ima七ed here for the first 七ime

under 七he actual discharge condition with the use Of 七he measured



population densities of the He(I) first excited states. The

effect of the Coulomb collision term on EDY was estimated by

solving eq･(4･9) with and without the the tern. The change in

ちe by this七e- was less七han 1 ,,6･ Therefore,
al七hougheke

depends on

n昌e
in
principle, we need no七801ve eqB.(4.6)

and (4･9) simultaneously in calculating eke in the first apPrOX-

ina七ion.

Here, we refer to EDY in a He-metal discharge in brief.

Inelastic collisions of electrons with metal atoms begin to

occur in七he low energy regionl and even the low energy par七of

EDY is influenced by those inelastic collisions. Therefore,

EI)F in 七he He-metal discharge deviates from 七he Maxwellian EDY

of the same average energy more
considerably.8･12)

4･2･う･ ⊃efini七ion of the nominal elec七ron七empera七ure Ve

t',Then EDY is T･1Iaxwe11ian▼ 七he electron 七empera七ure can be

determined with the double probe method from Dotels formulal

kTe ∑=po
~

■-

e

4(1/Ro
- 0･82S )

16)
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く4.ll)

where ∑Ipo is the probe curren七･ Ro i8 the deriva七ive of the

probe current with respect to the probe voltage at the point

of reflection of the double probe clilaraCteristic, S is the

slope of the ion saturation current to the pr.obe. When EDY i8

r･on-I.･･:axwellian, eq.(4.ll)
does not give t'he electron temperature

any longer but Should give a Certain value Ve nominally･ FiOreOVer,

even if EI)F is Maxwellian, it is not known whether eq.(4.ll) gives
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the actual electron temperature in the discharges at medium

pressures or not, where collisions of electrons with neutral

atoms cannot-be neglec七ed･
lt^'e
call Ve †Inominal electron tempera-

ture for convenience in this chapter.

i,4.ち.ExperiiTlen七a1 1'rocedures

I

The experiments were made on 七he王ie-CdT laser discharge●

which is 七he 七ypICal y{ie-metal laser discharge･ The arrangement

of them is shown schematically in Fig.4-i. The discharge tube

of う.5 mm in diameter was used mainly, buセ セhe electron density

was measured also wi七h 七he 七ube of 5 mm in diameter. The double

probe consisted of two tungsten wires of 0.1 mm in diameter

and 1 mm in length, which were separated by 2 cm along 七he axis

of 七he discharge 七ube. The discharge 七ube was connec七ed 七o a

flask of
large volume, and the capillary part of the tube was put

in an oven of 600 Ⅹ.

11he nominal electron temperature Ve and the electric

field s七reng七h EIie in the pure Ⅰie discharge region were measure且

with the double probe l･ The elec七ric'field strength EHe-Cd in

the :Tie-Cd discharge region was measured wi七h 七he double pro†)e 2･

The population densities of七he He(I) firs七excited states,

which were necessary in calculating E工)F in 七he pure I･･Ie discharge,

were determined wi七h 七he discharge 七ubes of う.5 and う mn in

diameter using 七he modified absorption method described in

Chapter 2. The capillary part Of each discharge tube was put in

an oven of 600 K.

The relative changes of七he He(I), Cd(I), and Cd(II)

sideligh七in七ensi七ies were measured with a nonochromator and

a photomultiplier tube.
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i4･4･?esults
4･4･1･ eke, eav, and Ve in the pure hTie discharge

Figure 4-2 shows E-i)F necessary for the calculation of the

charac七eri8tic energy and average energy of electrons, the

and tav･ This EDY was calculated from eq･(4･9) with the values

of Erie and the population densities of七he He(I) first eXCi七ed

s七a七es measured wi七h 七he う.5 mm bore 七ube. Figure 4-う shows

Eke and eav calculated with五DF in Fig･4-2, and
rthe
nominal

electron temperature Ve measured with the double probe l･ The

discharge current was 100 mA. =n the discharge current region

from 50七o 150 mA･ eke･ eav･ and Ve hardly changed･ The scatter

of七he measured values Of Ve was less than十10 f/6 at each He
｢ニコ

presc-Lre･ As can be seen from Fig･4-ラ, eke･ 2Eav/う･ -a Ve

are nearly equal to one another.

4.4.2. Electron density in the He-Cd discharge

lf we allow for the fac七tha七Eke芯Ve in the pure He di8-

charge 七oge七her wiセユ1 eqS.(4.1) and (4.2), we can ge七 a practically

useful conclusion: the electron density in 七he Be-metal discharge

can be detemined simply with the modified double probe method

by using Ve in place of eke in eq･(4･6) even ifEDF in the dis-

charge is non-I;iaXWe=lian･ Figure 4-4 shows nHee_Cd de七e-ined

with Ve as a function of the Cd atom denBity･ The Cd atom density

wa8 determined from the absorption coefficient of七he Cd(I)
0

う261 A line measured with七he modified ab80rP七ion znethod,

and also from the variation of 七he sideligh七intenBity of the

Cd(II)
0

4416 A line with the Cd oven temperature.17) A nope
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detailed description of the procedure is given in Chapter 5.

Ås shoⅥユin Fig.4-4, when七he discharge curren七 and 七he initial

e
He pressure are kep七cons七an七, nHe-Cd increases mono七onica11y

wi七b 七be Cd a七o皿 densi七y.

皇4.5.Discussion

4･5･1･ eke, Eav･ and Ve in七he pure He discharge

As七he reliabili七ies of七he calculated ㌔e and eav depend

mainly on tha七 of EI)F,i七has been examined in 七he following

Way Whet.ner EDY shown in Fig.4-2 is close to the actual E工)F or

not. The influence of EDY on 七he population densities should

appear in七he :Lie(I)ううp andう1p s七a七es more dis七inctly七han

in the T:ie(I) firs七exci七ed states, because the former relate

Closely to the higher energy part'of EI)F and the destmction

processes are nO七 80 COmPlica七ed a8 tho8e Of七he He(I) fir8七

excited s七a七es･ Thereforel We Calcula七ed 七ho8e population den8i七ie8

with rate equations for 七he non-Maxwellian EI)F and 七he Maxwellian

EDY of七he electron temperature Ve･ A8七he excita七ion proce88eS

七o the三ie(I)ううp andう1p s七a七es, the direc七exci七ation from七he

neutral ground s七a七e and the 8七epwise excitation from the He(I)

2うs s七a七e were七aken into accotmt. The collision cross Sections

of 七hese processes were taken from refs.18 and 19. The radiative

cascadings from 七he higher ly･ing excited s七a七e8 Were neglected

because 七he con七ribu七ion of 七he proces畠was small. A8 七he

des七mc七ion process of七he王ie(I)ううp andう1p states, only the

radiative transitions from these State8 tO lower states were

assu皿ed･ The results were compared wi七h七he relative change8 0f
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0

the measLlled sideligh七in七ensi七ies of the He(I)う889 A (う5p -

0

2うs ) and 5016 A (う1:r- - 21s ) lines. They are shown inFig･4⊥う.

The effec七 of セムe irT･Prisonmen七of the radiation on 七he sidelight

intensi七ies20) were very sl:･Lglr_七a･n丘七be 8ideligh七in七ensi七ies

v}-ere almos七 propor七iona1七o 七he population densi七ie8 Of the

三-Ie(I)ううpandう1p s七a七es in the presen七case.

As shown in I.ig.4-5,the initial He pressure 且ependences

of 七he population densities calculated with 七he rv:axwellian Eユ):h'

are quite differen七 from七hose of 七he sideligh七in七enBi七ies.

This difference exceeds 七he range of the resultan七 error cause己

by the uncertainties involved in the rate equations and the

collision cross sections. The unified 七heory by I)ote and

=chikawa21) gives a lower elec七ron七emperature thanVe･ The

population densities calculated with the unified
_theory,

however,

also increase monotonically up t'o'the initial He pressure Of 9

Torr. On 七he contrary,the results calculated wi七h 七he Ron-

I■･iaxwe11ian E工汀 accoun七 for 七he variations of 七he sidelight

intensities very well.
,This

shows that the higher energy part

of E工)F can t)e approximated by 七he presen七non-Maxwellian EDY

in the region of七he七ypical initial tie pre8畠ureS Or E/No

( 1 Ⅹ 10-16ェコ/?(:o£8Ⅹ 10-16 vcm2 ) used in the He一皿e七al laser･

On the other handI Pos七ma calculated the mobility of electrons

in He with EDY derived from the Bo1七2;mann 七ransport equation

similar七o eq.(4.9), and obtained
a good agreement with七he

experimental results over a wide range of the reduced electric

field strength E/p.ll) This means七ha七the lover energy part

of 七he actual E工)F in 七he pure王ie discharge a180 Can be well

approxima七ed by EDY calculated here･ Therefore, eke
and己av
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calculated with the pre･8ent EDY canbe reliable.

As can be seen from Fig･4-う･ eke i8 Very CIo8e七o 2fav/ラ

in 七he pure T;ie discharge. This can be understood as follows.

They are 丘ominan七1y de七emined by 七he low energy part of Eエ汀

(く 20 eV ).工n this low energy region,the inelastic and Coulom-a

collision terms in
eq.(4.9)

can be neglected because
tthe
lowest

七hreshol丘 energie8 0f inelastic co11i8ion8 Which are significant

in determining EDY are very large (～ 20 eV ) compared with the

average energy of elec七rons, and 七he ioni2ia七ion degree is rather

low (～ 10-5 ). It/･iOreOVer, the momen七皿tranSfer cross SeC七ion for

electrons in Tn:e is approximately proportional to 1/ru for

u之5 eV.22)
=n this case, We See from

eq.(4.9)
that五つF has an

energy dependence similar 七o 七he f.tTlaXWellian Eコ〕F in 七he low energy

region･ Therefore･ Eke 18 Very Clo8e七o 2Cav/5･

The reason why eke lB Clo8占to ve in the pure He discharge

is no七known a七presen七becau8e 七heギe iB nO PrObe 七heory I)aged

on the non-Maxwellian EDY and 七he oalct11a七ion of 七he floating

potential is rather difficul七 on accoⅦn七 of collisions of

elec七rons with He atoms in the probe 8hea七h.2う)
whatever the

reason may be･ as Ve is almo8七equal七o eke in七he pure He

discharge by chancel the electron density can be detemined

wi七h 七he conventional double probe me七hqd 七hougb EI)F is

non-TLl･iaxwe11ian.ヨuセ セhis canno七 be always applied 七o other rare

ga8 di8Charge8. In the Ar discharge, for inB七ance,the energy

dependence of 七he momen七um 七ran8fer cro88 8eC七ion for elec七rons

in Ar is completely differen七 from 七ha七in毘e. Inela8七ic

COllisions of electrons with Ar atoms begin to occur at

relatively low energies. Therefore, Eユ)F deviate8 from 七he
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T･T.axwellian EコI11. in 七he entire energy region.
iPg

I

ヰ.5.2. Electron density in the fie-Cd discharge

The accuracy of七he electron density in七he Ee-Cd discharge

e

rLiqe-Cd Obtained here is de七e-ined primarily by the validity

of eq･(4･1) and
the accuracy of the measured electron density nHee

in the pure He discharge. In deriving eq.(4.1),
it has been

as8ⅧⅠed七ha七 the mobility of elec七rons in七he He-metal discharge

i8 almos七equa1七o 七ha七in七he pure ‡王e discharge. For the He-Cd

diBCharge● 七he validity of七his assumption was assured fro皿a

calculation based on the Bol七2imam七ran8POr七equa七ion,
17)
and

also from 七he measuremen七 of the electron drif七 veloci七y in

ref･24･ On七he other hand, the accuracy of

n昌e
is de七ernined

dominan七1y I)y 七he scaセセer of 七he
●mea8ured values of 七he nominal

electron temperature Ve and the probe current ii･ The values

of七he mobility of He+ ions in He which have been reported after

1965 agree within i2 % with oneanother･25) Hence'theuncer-

tainty involved in the electron density in the He-Cd discharge

is estimated to be le88 thani15 %.

we compare七he presen七re8ults with those Obtained with

the microwave cavi七y七echnique in ref.24. The七echnique need

not any knowledge about EDY in dete-ining the electron den8ity･

工n七his comparisonI We muSt 七ake into accoun七･the following

e
facts; (1) our n‡Ie_Cd are Values on the tube axi8･ While七hose

in ref.24 are values averaged over七he radial
direction,

(2) the lie atom density in七he capillary par七of the discharge

tube i8 七he half of七he He atom density filled initially a七
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room temperature in our experimental system, while in ref.24,

i七is glVen directly by 七he He atom density filled initially

at room temperature. If the facts mentioned above are brought

into considera七ionl the two re8u1七s aセ セhe equal curren七density

an丘equal reduced七ube radius PR agree Within 20 %. This good

agreemen七 wil1 8how 七haセ セhe convenien七 de七eznina七ion method

of the electron density with the modified double probe method

c弧be used when the reduced electric field strength E/No in

the pure He丘iBCharge region r弧ge8 from 1 x 10-16 to 8 Ⅹ 10-16

vem2.

与4.6. Conclusion

lt has been shown that the electron density in the

He-metal discharge a七medium pre8SureSI Where EDY is

non-I.'Iaxwellianl Can be de七emined simply with七he modified

double proloe method by using七he nominal elec七ron七emperature

Vet in七he pure Fie discharge･ Although this COnVenien七method

is useful, the meaning of the nominal electron temperature Ve

is no七known a七presen七･ Thereforel We Should regard this

COnVenient method as a temporary one.

AIso i七 has loeen
assured from 七he calcula七ions based on

the rate equa七ions七ha七EDF in the pure He discharge a七medium

pressures has 七o t)e 七rea七ed as non一犯axwe11ian. The si七ua七ion

is the same in the He-metal laser discharges･ Thereforel the

Calcula七ions of rate coefficients of electronic collisions

Will be made on セヒe basis of 七he non-Maxwellian王I)F hereafter.
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The elec七ron 丘ensi七y de七emined here will be used in

cbap七er 5七o oID七ain七he Fie+ ion density) and in CilaP七er8 6-8

七o calculate the population den8i七ies of 七he壬ie(工), Cd(I), and

cd(=I) excited 8ta七e8 in the PC He-C且+ laser discharge.
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chap七erう. Separate De七ermina七ion of He+ and Cd十=on Densi七ieBl)

与う.1.In七roduc七ion

Tfie eXCi七a七ion mechanisms or sa七ura七ion pneno皿ena in 七i,ie

fC --L三e-Cd+ laser have been inves七iga七ed with七he spectroscopic

methods,2-4) with the double probe method,5･6) and with the

after-glow methods.7,8) I七has been pointed out七hat the

dominan七 excitation process 七o the laser upper S七a七e i8 tiユe

Penning collision process between tie atoms in the metastable

s七a七es and Cd atoms in 七he ground state.･ But other exci七ation

proce8Se8 七o 七he laser sta七e8, Such as 七he exci七ation process

by collisions between electrons and Cd+ ions in the ground statel

or the thermal energy charge transfer collisions between He+

ions in 七he ground s七a七e and Cd a七om8 in the ground state, have

not been investigated in detail. The He+ and Cd+ ion densities

have to be determined to estimate the. contributions of tho?e

processes 七o 七he laser s七ate8.

Ivanov and S6m proposed a me七hod七o 8ePara七e ion densities

in a 王'C 阜ie-Cd discharge from 七he double Trot)e a･nd microwave

measuremen七s by using the mobili七ies of Ee+ and Cd+ ions.9)

;･Tizeraczyk e七al. ob七ained七he ion densities in七he PC He-Cd+

laser discharge in the similar way.10) Buセセhe resul七8 COn七ain

a ち.ui七e large uncer七ain七yl because there are no reliable data

t･,oncerning七he dependences of七he mobilities of lqe+and
Cd十

ions on the Cd partial pressure* temperatureI Or electric field

strength in 七he He-Cd 丘ischarge. Therefore,they cannot be

used in七he quan七ita七ive study of the PC He-Cd+ laser discharge.

In Chapter 2, the modified absorption methodll)
was
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descrilDeCl, Tv^]i七i'-.whicヒ at)sorp七ion coefficients no七 only of

visit)1e ユines but als() of lii1七raviole七Iines could be determined

accura七elJ and ごirilP13･T. I七 was shown 七haセ セhe population density

of 七he Cd(工I) i.tround. s七a七e could be determined accurately with

the method. Or主･七he other hand, in Chap七er 4, it was shown 七ila七

the electron density in the He-metal discharge at medium pressures

could t)e determined wi七h 七he modified double probe method although

the electron energy distribution function ( EI)F ) in it was

non-Maxwellian.

In 七his chaっter, by combining 七he modified at)sorption

method wi七l,i ti,ie modified double probe me七hocLI the三ie+ and Cd+
■ヽ

ion densities in七he llCヒe-Cd+ laser discharge are determined

separately without using the Cd+ ion mobility'AIso the He+

and Cd+ ion densities are calculated on the basis of the

non-ニ･二axwe11ian Eコ〕F in 七he …ie-Cd dischargel and 七he ionizia七ion

mechanisms are discussed.

i5.2.ご=rrinciple of七ile ⊃e七ermina七ion Method

The popultL七ion density of 七he Cd(II) ground state was

determined t～,i七h七he modified absorption method described in

Chapter 2, and七hose of七Inie Various Cd(I=) excited states were

de七emirled fro!(i the sidelight in七ensities as described in

chap七erう･ The七o七al Cd+ ion density ncd+ Was Olo七ained by addirlら

the popula七ior'i densities of七he Cd(工I) excited s七ates七o that

of the Cd(II) ground s七a七e.己ere,the Cd十ion temperature was

assumed to be lOOO K 七aking into account 七haセ セhe Cd+ ion

temperature calculated from the I)oppler widths of the Cd(II)
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1in串S reported previously scaセセered from 6oO TK七o 1400孟･12,1う)

:LI-pweverl according to the calculation of the absorption coefficient

O

.f the Cd(==) 2265 A line, even if the actual Cd'ion temperature

is different by i 400 K from 1000 K} the error of the population

density of 七he Cd(工I) ground s七a七e determined from七he absorption

O

coefficien七of七he Cd(II) 2265 A line is only土うyo und-er七he

optimum condition for the laser action and the same order in

the other Cd atom density region.

e
The electron density nHe_Cd in七he He-Cd discharge was

determined with the modified double probe method6) and七he

revised probe 七heory for七he pure Re discharge as described in

Chapter 4.

The populati'on density of the He(II) ground state, which

is nearly equa1七o七he七o七al f王e+ ion densi七y事 Can be determined

O

from the absorption coefficient of the He(I工)う04 A line with

the modified at)sorption method. 3u七 additional vacuum system

and the modification of the window of the discharge
tube are

needed･ =n this chapter, therefore, the He+ ion density nHe+

was obtained from

e

n‡Ⅰe+
= nHe_Cd

-

ncd+ ,

assu皿ing 七ha七 all of 七he ions were singly ioniz;ed.

(5.1)

与5.ち.Experimental Procedure

The absorption measuremen七 and 七he double probe measurement
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Were carried out in two cataphoresis type discharge tubes of

the same inner diame七er う.5 mm separately. The capillary of

each discharge tube was put in a.n oven of 6oo K. Each tube

was connec七ed 七o a flask of large volume a七 room 七empera七ure 七o

keep七he He atom density No in七he capillary cons七an七a七any

discharge current.

The discharge tube used for the absorption measurement

was the same as that used in Chapter 2.

The population densities of七he Cd(==) excited s七a七es

were es七ima七ed from the measuremen七s of七h占 sideligh七in七ensi七ies

with a q.uar七z discharge 七ube of う.うmm in diameter in a manner

described in Chap七er う. However,the sideligh七in七ensi七y measure-

men七s were res七ric七ed 七o 七hose lines which orlglna七ed from 七he low

lying Cd(II) excited s七a七es, because 七he population densities

of the high lying Cd(II) excited states were generally very small

in comparison With that of the Cd(II).ground state. Tlneir transi一

七ion probabilities vv-ere taken from refs.14 and 15.

The population densi七ie8 0f the叫PPer S七a七e8 0f･the Cd(=I)
O

2144 and 2265 A lines, n2144 and n2265, COuld no七be de七e-ined

with the method mentioned above because the relative 8PeCtral

sensitivity of the optical detection BySten COuld not be

Calibrated with the ordinary standard lamp in the wavelength

O

region shorter七hanう000 A･ n2144 Was de七e-ined by combining

the laser gain measuremen七with the modified ab80rP七ion method

as described in Chapter 7･ n2265 Was dete-ined 'fron the ratio

o
0

of the Cd(I=) 2265 A and the Cd(I) 2288 A sidelight intensities

a8 described in p.140 in Chapter 7. The 七rapping coefficients

O

of七he Cd(II) 2144 and`2265 A lines were es七ima七ed by using
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the population density of the Cd(工工) ground s七a七e obtained in

Cbapter 2.

●

The discharge tube used for the double probe measurement

was the same as that used in Chapter 4. The He+ ion mobility at

600 K was taken from ref.16.

Although the Cd atom density could be determined directly

O

from七he ab8Orp七ion coefficient of the Cd(I)う261 A line in 七he

discharge tube used for 七he ab-80rPtion measurement, i七 could

not be determined directly in the discharge tube used for the

double probe measurement. usually. the Cd atom density is deter-

mined from 七he Cd oven 七emperature. However, even if the same

discharge tube is used,the optimLn Cd oven temperature is

differen七 genera11y. This皿eanS 七haセ セhe Cd atom density derived

from 七he Cd oven 七empera七ure includes a large uncer七ain七y.

In order to e8七ima七e 七he reliable Cd atom density in the

di8Charge 七ube used for
･七he
double probe measurement, the

following experiment wa8 Carried out. In the discharge tube used

for the absorption mea8urenent,the Cd a七on den8i七y wa8 de七er-

mined a8 a function of the Cd oven temperature a七 a constant

discharge current. The relative in七en8ity of七he C.a(II) 4416五

sideligh七 was a180 meaSured a七 the sazne 七i皿e. These mea8ure皿entS

were carried ou七wi七h 七hree Cd ovens, Who88 heater po8ition8 and

temperature distributions are different from one another.

Ⅳex七･ the normali乙ed ･Cd(==) 4416且sideligh七intensity I4416

va8 ploセセed as a function of the measured Cd atom density a8

8hovn in Fig.5-1. Figure 5-1 Bhows 七hat the led atom density

at which I4416 Shows a maximum is七he Same With using any Cd

oven7 although the apparent Cd oven temperature is different
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from one another. The same holds 七rue abou七 any other value

of =4416･ This means thaセセhe Cd atom density can I)e己e七ermined

from =4416 COnVerSely･ The Cd a七o:n density in the discharge

tube used for the double probe measurement was detemined by

comparing =4416 Obtained as a f叩C七ion of the Cd oven七empera七ure

wi七h七ha七in Fig.5-1. 'The 丘e七ermina七ion of七he Cd atom density

in any 丘ischarge 七ube of 七he same inner diameter also can be

且one wi七h 七his method.

i5.4. He+ and Cd+ Ion Densities

Figure 5-2(a) presen七8七he electron den8i七y, He+ ion

den8i七yl and Cd+ ion density a8 a ftmc七ion of the Cd atom den-

sity,and Fig.5-2(b) presents the population densities of the

He(I) first excited states ( 2うs, 21s, 25p, 21p ) as a function

of the Cd atom density. Here, the population densities of the

He(I) first excited s七a七es 2うs, 21s,- 2うp, and 21p were determined

o 0

from七he absorption
coefficients of

the He(I)う188 A,う965 A,

O 0

4026 A, and 4922 A lines, reSpec七ively. The initial Vie Pressure

was う.5 Torr and七he discharge curren七wa8 100 mA.

=n Fig･5-2● as the Cd atom den8i七y increaBe8, the fie+

ion density and the population den8itie8 0f the He(I) first

excited-8ta七es decreasel -a the Cd+ ion density increa8e8

nearly in propor七ion七o 七he Cd atom density. This iB due to the

fac七s 七ha七inelas七ic collisions of electron8 With Cd aton8 0f the

lov ioni2;a七ion energy occur znore frequently- andI COnBequentlyl

the average elec七ron官nergy decreaBe8. Note七ha七l･ in the- curve

of the Cd+ ion den8i七y事a Very low h-p･ appe-a arotmd the Cd

atom den8i七y which corre8pOnds七o 七he maxinu'of七he C丘(I=)
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4416 A sidelight intensity, while a rather high hump did in the

curve obtained by Silfvas七.17) The Ⅰ1e+ ion density shows a

behavior similar to those of the population densitie8 0f the

lie(I) firs七 exci七ed s七a七es.

O

It is very interesting to see that the Cd(II) 5557 A

sidelight intensity follows a behavior similar to that of the

cd(II) 4416且si丘eligh七in七ensi七y in Fig.5-2. The upper 8七a七e

O

of七he Cd(==) 5うう7 A line is said七o be excited dominan七1y by

the thermal energy charge transfer collisions 0f He+ ions in the

ground s七ate弧d Cd atoms in七he gro皿d state.7)

Figure 5-うshows七he electron derlSityI He十ion density,

and Cd+ ion density as a f-ction of the discharge curren七a七

the near op七imu皿COndi七ion for七he Cd(I=) 4416五Iaser operation.

The =e+and Cd+ ion densities increase in proportion to the

O

discharge current. The Cd(=I) 4416 A sidelight intensity i$

0

8a七ura七ed a七high discharge currents while 七he Cd(II) 5うう7 且

sidelight intensity increases almost linearly with the discharge

current.

The electron densi七yI He+ ion densi七yland Cd+ ion density

were also measured as a I-ction of七he initial He preB8ure Po･

The discharge curren七was 100 mA and七he Cd atom density was

l･1 Ⅹ 101うcm-う･ The Cd+ ion density is nearly cons七ult OVer七he

initial He pressures investiga七edl While七he He+ ion density

increases with the initial He pressure. The electron density is

O

roughly proportional to pol･5･ The Cd(==) 4416 A sidelight

intensity is sa七ura七ed a七high initial He pre8Sure8 While the

9

Cd(II) 5うう7 A sideligh七in七ensity increases mono七onica11y.
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excited states as a function of Cd atom density.
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§う.5.Accuracy of七he Experimental Results

The accuracy of the population density of the Cd(II)

ground s七a七e obtained with七he modified absorption method is

determined dominan七Iy by七he accuracy of七he 七ransi七ion

probability.f the Cd(I=) 2265 i line and the scatter of the

measured values of the absorption coefficient･ The transition

O

probability of the Cd(II) 2265 A line has been measured recently

･.I:i七h七he beam-foil七echnique,14) wi七h七he electron-pho七on delayed

coincidence,15) and with the Han1e
effect.18)

The results agree

within i 5 yo. The scatter of the measured values of the absorption

coefficient was leBS七han土10 cj6･ Then七heuncertain七y involved

in the population density of the Cd(=I) ground state is estimated

七o be les8 七han + 15 o//a.
+

The su皿Of七he population densities of七he Cd(工=) excited

s七a七es amoum七ed七o 10 - 20 c,i of七ha七of七he Cd(==) ground

state. Thereforel the uncertainty which arises from the sidelight

in七ensi七y measuremen七s is negligibly small in coコParison with

七土a七involved in七he population density of the Cd(II) ground

3七a七e.

Tne accuracy of 七he electron density in七he Tile-Cd discharge

olotained ヽtli七h 七he modifie且double prol⊃e method was discussed in

1:hapter
41 and the resultant uncertainty of the electron

density

-･･:as estima七ed七o be less than土15 ;;･

From those of the electronand Cd+ ion densitiesl the

l

･j-nCer七ain七y involved in 七he ot)七ained･
-iUleT ion density can be

estimated with the aid of eq.(5.1). At the Cd atom density below

1.うⅩ 101うem-ラ, which is七be op七imu皿Cd atom density for
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C'

the Cd(I=) 4416 A laser operation,七三-ie estimated uncer七ain七y

is less than土 う○ ;′;I and i七increases a七l/ligher Cd atom densi七ies･

=n Figs･5-2 and 5-ラ,the produc七nFie十Ncd Of the He+ ion

density and the Cd atom density shows a behavior similar to that

O

of七he Cd(I=) 5うう7 A sideligh七in七ensi七y. This agrees Wi七h七he

result obtained from the after-glow study in ref.7 that ths

dominan七 exci七a七ion process七o the upper s七a七e of七he Cd(=I)
0

5うう7 A line is 七he 七hermal energy charge 七ransfer collision

process of He+ ions in七be ground s七a七e wi七b Cd atoms in地e

ground s七a七e followed by 七he radia七ive cascadings･.

Ti･,ie results at)ouセ セIi,1e ion densities olo七ained vi七ili七he

previous三Tlie七hods,9, 10)agree
l･ji七h七he presen七one quali七a七ively.

1

Tha七isI七he I---eT iorl density decreases an己七IJle Cd+ io:1 density

increases mono七○ユ土cally vi七h 七he increase of 七he Cd a七cm density

aセ セヒe co=lS七an七 discharge curren七 and initial He pressure.

Buセ セhe values of 七he ioi,i densities obtained ヽ･′i七土七i-ie aPfT)1ica七ion

of 七he こe七hod described in re王■.10七o our data vlere COnSiderat)1y

differen七 frorri七'/lose Sl'iOT(･'n in Fig.5-2 eヱCeP七 for 七⊥1e Very narrow

Cd a七om 己ensi七y reg10r1. As 七I-'e previous methods strongly depend

on 七he
iTiOlbili七ies

of 七he ions in 七he 三三e-Cd dischargeI Whiclrl

are no七IlこnOl･Tn eY･aC七1y a七 presen七, probably 七he discrepancies

come froユ セhe large uncer七ain七ies involved in 七he mobili七ies

of 七be ions.
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毎5.6. Comparison with Theoretical Calcula七ions

E工ぼin 七he He-Cd discharge was calculated with sul⊃s七i七uting

the measured values of the electric field strength and the

population densities of the He(I) fir8七excited states into the

Boltzmann equation and solving it numerically in a manner as

described in Chapter 4.工n 七he Boltzmann equation,the following

collision processes between electrons and Cd atom8 Were included

in addi七ion 七o 七hose t)e七ween elec七rons and He atoms; (1)the

elastic collisions with Cd atoms in the ground 8tate, (2) the

inelastic collisions exciting Cd atoms from 七he neutral ground

s七a七e七o七he firs七exci七ed 8七a七es ( 5plpl･ 5pうpo,l,2 )I (ラ)the

direc七ioniza七ions of Cd atoms from 七he neutral ground state.

The collision cross sections used in the calculation were 七aken

from refs.19-2う, and are shown in Fig.うー4 a8 a function of 七he

electron energy. Calculated EDY in the He-Cd discharge is 8hown

in Fig.5-5. The initial.He pressure WaS う.5 Torr and 七he discharge

curren七 was lOO 皿A.

The He+ and Cd+ ion densities Were Calculated on the basis

of 七he following equa七ions and EDY shown in Fig.5†5こ

4

n･;ie･

-孟(n昌e-cdN｡SH
･ n}eie-Cd ≡NiMHi

･ N25く6v,He一己e ),

(5.2)

ncd÷
- A(n昌e_c｡NcdSC

+ N,Ncdく6vフ三1:e_Cd) ･
Ocd十

and

(ら.ラ)
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I:一三ere,/､､､= 昆/2.41, and a is the radius of七he discharge 七ute.

The sulDSCrip七s 二'La.nd C de-ilO七e 七haモ モile quan七i七ies are concer･ned

i;Ii七h heliuiTi and cadmium, respectively. The subscripts 1, 2,ラ,

and 4 ( = i ) are defined七o represenセ セhe I-IT_e(I〕firs七eT.Cited
JI

s七a七es 2ls, 21f, 2うs, and 2うp, respec七ively･ No is the He atom

density and :丁ed is七he Cd atom denslてy･ S denotes the collisional-

rate for 七he direc七ioniza七ions of atoms from七he neutral ground

s七a七e事 and lt･i･ denotes the collisiorlal rate for the s七epwise
l

ioniza七iol'iS Of :rTLe atoms from七he ‡王e(I)firs七 exci七ed s七a七e i.

DpieT and ⊃cd+ deno七e七he ambipolar diffusion coefficients of
l

irlelium and cadmium ions, respectively. The lasセセerm in eq.(5.2)

represen七s 七he iolL'-iza七ion rate by collisions be七ween 七wo三三e

-■■7

atoms in the三･:e(I) 2つs s七a七c. ･コヱ1e lasモモerm in eら.(ラ.ラ) represeユセs
7

the Fe':I:i'iing colli,)ional rate be七1.I,?en ;-:e atoms in七heモIie(I) 2ノs

s七a七e and Cd atoms iri七:ne alround s七a七e. The cross sec七ioriS Were

七al･rLen froH/i refs･24-27･ Tthe calculated results are presented in

il､ig.5-'2.

As tin-ere are no relia:Die data on七he C丘+ ion
iT10bili七y

in a 'こe-C〔l disci,iar占eJ七he value T.･[aS SO Chosen tha七 the calculated

c且+ ion derlSi七y agreed vi七h七三1e eXPerimen七a11y determined one

in tlrw lot:; Cd atom density region. The quite good agreement

'oe七vee=l- tll-e measured and calculated relative cILlangeS Of七he

cd+ ion density over the wide Cd atom density region shows that

the results are correct. The relative change of the calculated

--H,e+ ion density agrees wi七h七ha七of the measured one completely.

The absolute values are differen七by abou七 20 )V. from each other.

This 丘ifference is small inspi七e of the relatively low reliability
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of several collision cross sections.

calcula七ion shovs七ha七the Cd+ ions are formed mainly

by 七he direc七ioniza七ions of Cd atoms in 七he ground s七a七e. The

ionization rate t)y 七he ‡'enning collisio･flS be七T,･)een '_Jle
atoms in

the He(I) 2うs s七a七e and Cd atoms in the ground state is not

more 七han 10 OA of 七he 七o七al ionization rate of Cd atoms in 七he

Cd a七orn- n=ensi七y region in Fig.5-2. Therefore,there appears

only a very lo.;I hump in the Cd+ ion density as sho､･nn in Fig.5-2.

Moreoverl the C己+ ion density increases nearly in proportion

七o the discharge curren七as shown inヨーig.5-ラ, and i七is not

sa七ura七ed. on七he contrary, J孟nossy e七al. suppose且thaセセhe

Cd(II) ground state was excited most dominantly by the Penning

collision process.28)
As the population density of the He(I) 2うs

state was saturated in the low discharge current region of

工<く100
mA,ラ,4)

they concluded tha七･七he population density of七he

Cd(=I) ground state was also saturated in the lot( discharge

current region･ This contradicts the experimental results obtained-

bere entirely.

皇5.7. C｡nclusi｡n

By combining七he modified absorption method wi七h七he

r=10dified double probe me七hodl the 玉ie+ and Cd+ ion densi七ie8

in七he PC -h.Le-Cd+ laser discharge could be de七e-ined experimen七a11;

･;(ithou七using七he Cd+ ion mobility.

The ionization
mechanisms in the PC He-Cd+ laser discharge

l･･IaS inves七iga七ed on 七he basis of 七he 七heore七ical calcula七ions

'1Singモ:-i)F in 七he iie-Cd discharge. =七has been shovJn七haセ セhe

己o:ninan七ioniza七ion
process of Cd atoms is the direc七ioni2:a七ion
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processl nOセ セhe 言enning collision process･

The He+ and CdT ion densities obtained here will be used

l

in Chapter 8 to calculate the excitation rates to･ the laser

upper and lower s七a七es by 七he s七epwise exci七a七ions from 七he

Cd(==) ground state and thermal energy charge transfer excitation

Process followed by the radiative ca8Cading8.
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Chap七er 6. 1fopula七ion Densities of三ie(I) Excited States in the

･111Cニニe-Cd+ Laser ⊃ischargel)

§6.1. =n七roduc七ion

=n the ,ll;Cユー主e-Cd+ laser dischargeナit has been proposed

that the dominant excitatiorl Process tO the laser upper states

is 七he ‡)enning collision process between He atoms in七he王ie(工)

2うs s七a七e and Cd atoms in七be ground s七a七e.2,ラ) The population

densities of the He(工) excited states in七he PC lie-Cd+ laser

discharge, especia11y七hat of七he He(I) 2うs s七a七e, have been

measured4,5) or examined七heore七ically using the Ty,ll.aXWellian

electron energy dis七ribu七ion function ( EDY ).6･7) It has been

observed e･xperimenta11y that the population density of the lie(I)

25s s七a七e is 8a七ura七ed a七a considerably lower discharge current

than 100 mÅ
4･5)

while the laser,outpu七powers and七he sidelight

O

土ntens土七ies of the Cd(Ⅰ工) 4416 and う2うO A ユines increase monoto-

nically with tile discharge current up to about 140 mA. This

contradic七s セヒe assumption 七haセ セhe laser upper states are

excited dominan七1y by 七he Penning collision pz!oce88.

On the other handl the calculated population density

of the Tie(工) 2うs state in refs.6 and 7 increased linearly up

七o a discharge current around 100 mA･ Thereforel a βlgnificant

discrepancy was found between the discharge current dependence

of七he measured population density of七he He(エ) 2うs 8七a七e and

that of the calculated one.

These discrepancies may cone from defects in the measure-

ments and theoretical calculationsI Or it may be caused by

neglecting excita七ion processes O七her 七han 七he Penning excitation

Process.
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In or丘er 七o mak'e 七he above and fina11y 七he exci七ation

mechanisms in七iie PC -lie-Cd十Iaser clearl firs七of alll iもis

necessary七o measure 七he population densities of the注e(I)

excited s七a七es including 七he me七as七able s七a七es carefully and

explain 七heir dependences on various experimental parameters

t'LleOretically. In the theoretical calculations, it has to Toe

taken into accoun上 土ha七EDF in 七he discharge is non-!ゝ!axwellian,

al七hough 七he analysis has been done generally a畠Suming 七he

Maxwellian EDY up 七o 七he pエーeSen七. Because it has been shown from

experimental and also theoretical results that EDF is non-

Ⅰ1iaxwellian in壬ie and Tile-metal discharges a七mediu皿 PreS8ureS.
8-10)

Although TtJ:ewe carried ouセ セhe extensive 8七u丘y of 七he pure He

discharge usir.蛋 the non-I･,iaXWellian EDY,12･1う) in七he PC h.ie-metal

dischargesl七here has been reported no quan七i七a七ive analysis

of the population densities using the non-王r･iaxwe11ian EI)F･

工n this Chapter, the population den8i七ies of七he He(Ⅰ)

excited states in七he PC He-Cd+ laser discharge have been

measured carefully and accura七elyナ an且it i$ Shown tha上土he

re8ul七s calculated using the non-Maxwellian EDY coincide with

the experimental ones well. Especially, a theoretical explanation

is given in detail as七o the discharge curren七dependences of

the population densities of the He(I) neta8table state8･1)
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r･･6.2. Experimental Procedure
..ノI

A discharge 七ube of う.うmm in diameter made of Pyrex

glass was used mainly in七his experimen七▼ bu七also a七ube of

5 mn in diameter was used. Each discharge tube was connec'ted

to a flask of large volume and the capillary part of the tube

was pu七in an oven of 600 K 七o main七ain 七he profiles of the

spectral lines and the He atom density No in the capillary

part constant irrespective of the discharge current. Thereforel

each spectral line of He(I), or each component in the case Of

the triplet7 has a Doppler broadened profile corresponding to

the gas temperature of 6oo K.

The population densi七ie8 0f七he He(I) 2うs, 21s, 2うp, and

21p states, and that of the Cd(I) ground state were determined

O

from七he absorption coefficien七8.Of the lle(I)う188 A,う965且,
o O

4026 A, and 4922且1ines,and七he Cd(I)う261 A line, respectively,

which were measured with the modified absorption method.14)

These lines were used because the population densities of the

upper states of the lines Were negligibly small compared with

七bose of 七be lowe工･ S七a七es.

Popula七ion densities of o七her王ie(I) excited s七a七es were

determined from the absolute intensities of the spontaneous

emissions in a manner described in Chap七er う. The ratio of 七he

sideligh七in七ensi七ies were measured with the quartz discharge

tube of 七he same inner diameter. We can see from 七he relative

changes of the sidelight in七ensi七ies whether the experi皿en七al

conditions in the two discharge tubes are identical or
not･u)

In calculating the population densities of theA He(I)



Fig･6-1･ Co11i8ionl radiationl and diffusion proce･8r&eS

for Tl;e(I) fir8七exci七ed s七a七e8. S七rai甚bt

arrow8･, electronic colli8iO･nB, dotted &rrov8;

radiative 七ran8ition8, Wavy arrows.; diffusion

七o 七be wall.
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excited s七a七es using the rate equa七ion81 i七is nece8Sary七o

measure 七he elec七ri･c field streng七hand七he elec七ron丘en8i七y

in the He-C丘dischargeI Where丑DF is Ron-FiaXWe11ian･ The values

of them obtained in Chapter 4 were used here･

§6.ち.Theoretical Calcula七ions

A simple collisional-radia七ive mo丘e1 8i皿ilar七o 七ha七in

ref.12 has been applied七o七he pure He an丘tie-Cd di8Charge8.

=n order 七o 七ake into accotnセ セhe influence of the radiative

cascadings, the He(I) exci七ed 8ta七e8 Of the principal quantum

number n = うand 4 a8 Well as 七he He(I) firs七exci七ed s七a七eB Of

n = 2 were included in 七he rate equations. The radia七ive

ca8Ca丘ings from the s七a七es of n主5 were neglected becau.se

i七 was assured from 七he sideligh七､ in七ensi七y meaBuremen七B 七haセ セhe

con七ribu七ion of 七he process七o 七he population densities never

exceeded lO〆under the presen七 experimen七al conditions.

For七he王ie(I) firs七 exci七ed s七a七es,the following processes

were included in 七he calculation;七he 且irect eエーci七a七ion,

de-exci七a七ion and s七epwi8e eXCi七a七ion ( also ioni2;a七ion ) by

electron impac七sl radia七ive decayl ra丘ia七ive ca8Ca丘ings from

the higher lying excited slta七es of n = うand 4, Penning

collisions of i,ie atoms in the :ie(I) 2うs s七a七e with Cd atoms

in 七he ground s七a七e, ioni2;a七ion due 七o the collisions between

･de atoms in these(I) 2うs state, andもhe且iffusion七o七he wall.

The collision, radiation, and diffusion processes for七he He(I)

firs七excited s七a七es are showⅡ schematically in Fig･6-1･ The

rate equations are given by
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-

the(S,I-.･S,-2･S,-.･S,-c･宗s,-3･,十
･D,^~2･Ⅳcd (6v)恥.,qd･Ⅳ5(6v?He_Eか5

･ (ne苧t_5･℡ヰ_5A4_ち)野ヰ

･ ∑ Tj_チ;_うⅣj十Ⅳ｡neS._う主0,
3

nes2_.Ⅳ2 ･

Res,_.野うーine(s._2･Sヰ_ヲes._c)･Tヰ_,A.,,IF4

･ ∑ Tj_.Aj_ヰ}qj ･J lq.Res._4 - 0･

コ

(6.1)

工n the rate equations for the He(I) 21s and 25s s七ite8, the

di-sion te-a DiV2Ni ( i = 1 andう) werelcB七inated by

assⅧming 七haセ セhe radial distributions of 七hb8e eXCi七ed 8七ate昏

■

could be approxima七ed by七he Bessel ftmction o･f the紬rOth order.
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we obtain that DiV2lli I

-DiNi/^2
in七his case･ liere <is the

ail-fusion length and^
=

R/2.41. =n eq.(6.i),
the subscripts

c, o, 1, 2,ラ, and 4 denote the ionization
con七inuum12),the

ground s七a七e, 21sI 21pI 2うsl and 2うp s七a七es of tiel reSPeCtively･

No is the He atom density, Ⅳ･ is the population density of七he
コ

e .

excited s七a七eコ, a lS

･the
electron density, -a hTcd is the Cd

atom丘ensity. I)･ i8七he diffusion coefficien七of He atoms in
l

the s七a七e i･く6v)tie_Cd and(6v)tie_tie are七he rate coefficien七for

the Penning collisions of i王e atoms in七he i-Ie(I) 2うs state with

Cd atorrlS in the ground s七a七e and 七I-tat for the ioni2;ations due

to七he collisions between七wo iie atoms in七he tie(工) 2うs s七a七e,

respec七ively･ Ai-3 and T･ ･ are七he七ransi七ion probability

and the bra,ping

c｡efficll:三t16)f｡r七he
radia七ive七rwsi七i.n iすj.

S･ ･ is the rate coefficien七 for 七he 七ransition iナコinduced
1~3

by elec七ron 土mpacts, and is given t)y

si-a

-厚/G7i-a(Ⅹ)FF(I)dx,
(6･･2,

Ⅴ七b

where x is七he energy in eV, Qi-3(x) is the corresponding cross

section, Ⅴ七h is七he七hre叫old energy'and F(Ⅹ) is EDF･

For七he excited s七a七es of n = う and 4,the following

processes Were inclu且ed in七he rate equations;七he 丘irec七

exci七a七ion, s七erult.･ise eズCi七a七ion from七he呂e(工) 2うs 8七a七e,

radiative cascadings ( only for those 8七ates of n = う), and

radia七ive decay.

Ei)F in 七he pure hTle and He-Cd discharges ob七aine且in

Chap七ers 4 and 5 were used in 七he ca1-cula七ion. The cross
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8eC七ions were 七aken from experimental and theoretical data in

refs.うー12, and 17-22. 'Ilhe diffusion c〇efficien七 a七 60C ∴

were iliO-ted ごro:ri reel.2う,taking into accoun上 土⊥∴セ セi･ley Were

linearly dependei-i七orl七加6aS temperature.24うム3i叩⊥e eaiculation

3hows 七ha上 土he 七rapplng COefficien七s of 七he radia七ive 七ransitions

excep七for七he七ransi七ions 21pす○, 21p +21s, 2うp +2うslう1pす

oIううDす2ノp, and 41pナO are nearly equa.1七o 1●

′､

-}vith 七l,1e measured electron and Cd atom densities and 七ne

calculated E'JF, euJ6.1) was solved numerically. Some iterative

neセムod was eTnPloyed七o solve eq.(6.1)
because the七rapping

coefficien七 of each radia七ive transition had 七ne complicated

dependence on 七he population densities of the upper and lower

states of it generally.

t■ 6.4. Experimental and Theoretical Results

6.ヰ.1. e d土scha工●ge

;tlirsモ モi-ie eXPerimen七s and calculations were performed

about tile pure
Tl▲e discharge. The measured and calculated

popula七iori de:1Si七ies of the Tie(I) firs七 exci七ed 8七ate8 and those

of the -ie(I,,うう.i andう1:; s七a七es are Shown in Fig.6-2 a8 a fulC七ion

of the iriitial !主e pressure. The calculated rate coefficients

1-a
are listed in Table 6-1･ The tube diameter wasう･5 mmS.

and the d･i8Charge current was 100 mA. Calculation8 Were a180 done

using the rv･･axwellian EDY of the elec七ron七empera七ure determined

wi七h七he conventional double protbe method25)t
for the comparison.

The results are denoted by dotted lines in Fig.6-2, Which

deviate very much from七he measured values. On the cbn七rary,
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Fig.6-2. Population densi七ie8 0f He(I) ex'ii七ed 8七ates in
■'the
pure

He discharge a8 a function of initial He pre8Sure･ The

801id line8 and 七he do･セセed line8t rePre8en七 the re8ul七8

calcula七ed with non-Maxwellian E工)F and Maxvellian E】)F,

respectively.



Table 6-1. Rate coefficients in the pure He discharge as

a function of initial He pre88ure;ラ.5 mm I.D.,

diBCharge current of 100 mA.

'LOt

po(Torr,)o.81.42.1う.55.48.911.2

ne(cm-ラ)1.1112.2114.0118.1111.5122.9124.○12
｢ヽ

臼tT_Nll.2121.う121.2128.8118.0115.711う.911

芸名N21.8112.8114.4116.6111.0121.1129..ll
召還Nう2.212,.2122.6127.6126.6124.612う.○12
P1日

B苫N41.2115.う111.5122.612う.612う.5122.612

so-12.2-107.ヰ-ll.ラ.うー118.2-124.1-121.0-124.うー1う

s1_2う.4-6う.2-6う.2~6う.2ー6う.2~6う.2~6う.2ー6

s1-うう.0-7う.2-7う.5-7う.9-74.0-74.うー74.4-7

s1_C1.5-71.2-71.0-78.6-87.9-86.9-86.うー8

so_27.4-101.9-107.2-111.うー116.6-121.うー125.1-1う

s2-16.6-76.4-76一5-76.6-76.6-76.7-76.7-7

J=S2-う5.5-87.-5-89.4-81.うー71.4-71.6-71.7-7

旦s2_.5.1-75.5-75.9-76.6-76.9-77.ラ-77.6-7
ドヽ

旦s2_C2.1-71.7-71.5-7.1.う~71.2-71.0-79.6~8
召So_う2.0-101.0-106.1-112.4-111.うー114.4-122.2-12

･ooHsうー1.8.2-88.5-88.8-89.ラ-89.4-89.7-89.8-8

岩sう.25.うーβ7.1-88.7-81..-71.2-71.4-71.5-7
也)

uosうー42.0-61.8-61.8-61.7-61.7-61.6-61.6-6

芸sう_C1.1-77.8-86.7-85.うー8..8-84..-8う.6-8
dso-42.1-109.6-115.2-111.8-119.4-122.7-121.うー12

s4-21.5-71.6-71.7-71.9-71.9-72.0-72.1-7

s4-う4.0-7う.7-7う.7-7う√7う.7-7う.7-7う.7-7

s4-C1.8-7.1.4-71.うー71.1-71.0-7.8.8-88.1-8
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DISCHAR6E CURRENT (m如
Fig･6-5･ Population densi七ie8

0f He(I) excited 8七ate8 in the

Pure He discharge a8 a function of discharge current.

1

The solid lines represent the re8ult8 Calculated with

non-Maxwellian EDY.

~iO9
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the results calculated using七he non-Iv‡axwe11ian Vi,DF explain the

experimental results well for all the states･

Figure 6-うshows七he discharge curren七dependences of七he

population densities in t'Lle Pure He discharge･ The experi皿en七a11y

de七emined population densities of the He(I) 2うs and 21s 8七a七es

●

remain almos七 cons七an七 over 七he discharge current region

inves七iga七ed.

6.4.2.. He-Cd discharge

Figure 6-4 shows 七he Cd a七om 且ensi七y dependences of 七he

population densities of the He(I) excited sta七eB in 七he discharge

tube of う.5 mm in diameter. The initial Ee pressure was う.5

Torr and the discharge current was 100 mA. As the Cd atom density

increases,the population densit与es of the Tfie(I) excited states

of n = 2, 5, and 4 decrease monotonically, because the higher

energy part of =･DF decreases rapidly on account of the inelastic

collisions of electrons with Cd atoms of 七he low ionization

energy. T･he calculated resul七8 agree Wi七h七he experimental data

well･ The calculated rate coefficients Si-a are listed in

Table 6-2.

Figure 6⊥5 shows 七he discharge curren七dependences of 七he

popula七ion且ensi七ies of七he He(I) excited states aセセhe cons七an七

cd atom density of 1.1 Ⅹ 101うcm-うin the He-Cd di8Charge･

The initial He● pressure wasヨ.5 Torr.竺be scatter of七he measured

values was som9Wha七1arge a七the discharge curren七of 10 mA･

The Cd atom density Ned Was mOni七ored by measuring the absorption

･coefficien七 of 七he Cd(I)う261 A line, and was kep七 cons七an七

a七 any .discharge curren七 by con七rolling 七he Cd oven temperature.
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Fig･6-4･ Population densities 0f He(I) excited 8七ateB in七he

He-Cd discharge as a fⅧnction of Cd ato皿densi七y. The
1

801id lines repre8enセ セhe re8ul七8 Calcula七ed with

non-Maxwellian EDY.
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でable 6-2. Rate coefficien七8 in the He-C丘di8Charge a8 a

func七ion of Cd atom den8i七y･,ラ.5 mm =.D., discharge

curren七of 100 mA, initial He preB8ure Of 5.5 Torr.

Ned(Cm-5)o.o1.1126.6121.51う4.01う1.014

neく¢m-ラ)8.0118.-0119.0119.8111.1121.412

で1J18.8118.1116.5114.4111.1111.89

.;o豊王す26.6116.0114.911う.5119.7101.89貴志lqう7.-6127.1125.8124..0121.1121.610
aplBg,Ⅰす42.6122.う121.7121.1122.211う.59

so-18.2-128.0-1～6.1-12う.9-128.7-151.1-14

s1_2う.2-6う.2-6う.2-6う.2-6う.2-6う.0-6

s1-うう.9-うう.9-7年.0-7ヰ.1-74.6-7う.6-7

s1_C8.6-88.5-88.1-87.-5-85.7-82.6-8

so-21.5-111.A-111.0-116.2-121.うー,121.4-14

s2_16.6-76.6-76.6-76.6-76.7-76.7-7

J6S2-う1.うー71.うー71.うー71.4-71.8-72.9-7

旦s2_46.-6-76.7-76.8-77.0-77.7.~79.5~7
㌔s2_C1.うー71.2-71.2-71.1-78.9-84.7-8
ニso_う2.4-112.5-111.8-ll..2-11う.うー125.9-14
日

･oo^sうー19.うー89.う｢89.4-89.5-81.0--71.0-7

岩sう_21..■1-71.1-71.2-71.うー71.-6-72.2~7
還sう_41.7-6.:7-61.7-61.6-61.6-61..うー6

苫s.ラ_C-5.うー85.う~85.0一84.5-8う.2ー81.うー8
dso-41.8-111.7-111.うー118.8-122.2-125.うー14

sヰ_21.9-71.9-71..9-72.0-72.1-72.うー7

sヰ-うう.7-7う.7-7う.7-75.7-7う.7-7う.5-7

s4-C1.1-7.1.1-71.O-79.5-87.4-8;5.7-8
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Fig.6-5. Population den8i七ies of He(I) exci七ed 8七a七es in 七he

He-Cd discharge as a function of discharge current. The

Solid line8 rePre8ent the results calculated with

non-Maxwellian EDY.
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The popula七i.on丘ensity of the He(I) 25s a-七a七e is saturate丘aモ

モhe 丘ischarge curren七below 20 znA, while七he sid･eligh七in七en8i七y
O

cf也e C丘(=エ) 4416 A line iqcreよses wi也七he discharge current

up七oI 140 mA.15)
on也e other h礼d, poptilatioz1丘ezISi七ie8 Cf the

He(工) exci七ea 5tate丘Of a
I-

5 aLn丘4 inc主ease a加8t linearly

vi七h七he丘i8Chaごge亡nm江七a8 e3CPeC七ed frdzn.. the, rate.e叫atiQn8.

The population densities of the He(I) excited s･tate8 in

the He-Cd discharge were measured as a function of七he initial

He pressure a七the cons七an七Cd atom density of 1.1 Ⅹ 101うcm-ラ

and discharge curren七of 100 mA.,also. They were similar七o 七hose

in七he pure He discharge shown in Fig.6-2, while 七heir ab801u七e

values Were Smaller by about a factor 2 than those in Fig.6-2.

In the discharge 七ube of うmm in diameter, the results

similar 七o 七hose in Figs.6-2-6-5 were ot)七ained and 七he experi-

mental results coincided with the calculated one8 Wel1.

隻6･5･ Sa七ura七ion Mechanisns of ke(I) -a8tab干e
states

IJ!ewe calcula七e丘the popⅥユ'a七ion den8i七ies. of the託e(I)

firs七exci七ed states in地e puェe Xe diL8血arse wi也zieglecting

･the
effects of the ra丘ia七ive ca8Cading8 fr甲也e. hi&er.lying

･exci七e丘s七ates弧d c.u1且.'e三plaizl the eヱpe血enta1丘ata veli.
12･)

As七he 丘iane七e= of七he dischaご苫e七ube use丘izL ref.12 vaB large

( 22 zm ) tend the丘ischarge ctLrrent,丘ensi中was very low in

comparison with七hose in七he pre8en七experizBen七,the cffec七s

of七he radia七ive ca声Cading8 could be neglec七c丘pmbably.
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ヨowever,the calculation show8 七haセ セhe radia七ive casca丘ings

from 七hose s七a七es of n
= うand ヰ セo 七he He(I) firs七 exci七ed

8七a七es canno七 be neglected under七he pre8en七 experi皿en七al

eon丘i七ion.

Figure8 6-ヲand 6-5 8hov七haモモhe popqユ&tiozL丘on8itie8

of the He(I) 25s and 21s_ states are Saturated at the i.w

丘ischarge currents. According 七o 七he rate equations,this can

be a七tribu七ed to the following fac七B. A皿Ong七he exci七a七ion

rat･o8七o七he He(I) 2うs state,the radia七ive ca8Cadins rate

･4_ヂヰA4_うbythe七ran8ition Re(2∋?) "e(23s). hy -a the

direc七excitation
ra七eモToneSo-5 are large･ On the other hand,

the des七mction rate of the He(I) 25s state is determined mainly

by the diffusion七o the wall in the low discharge curren七region

of =く10 mA･ The population density h-ぅof the He(工) 2うs s七a七e

is given by

ATIぅ-

T4-5N4A4-ラ+ ⅣoneSo-ち

D5/^2
●

(6.ラ)

馳en we七ake into accoun七tha七the population den8i七y Ⅳ4 0f the

-lie(I) 2うp s七a七e i8 I.ughly pr.portional七o the disc?argo current,

we see from eq･(6･3)七ha七甘う1nCreaSeS'almos七1ineamy With the

di8血arge curren七in 七hiB region. =n 七he region of = >10 mA,

however,the electronic de-exci七ation ra七e8 become dominant

in the des七mc七ion rate of the He(I) 25s s七a七e. Especially,

the de-exci七a七ion rate neN5S5-4 by the electronic collision

He(2∋s). e
>He(2うp).

e i8 the largest. =七iB about 20 times

larger than七he de一甲Ci七a七ion rate neIJ5Sぅーc by the ionizing



collision He(2うs). eヶHe+ + 2e and aboutう5七i皿e$ larger

than the de-exci七a･tion rate by七heモenning collision He(2うs)

. cd(51s) +He(lls)
. (cd')i + e at the initial He pressure

ofう･5 Torr.■ the discharge curren七of 100 mA■ and the Cd atom

den8i七y of 1.1 Ⅹ 1015 cm-ラ. Thereto-rep ve m叫8t nO七neglec七

弧y Of those three rates ( N.Res._ラ, Tヰ_ヂ4Aヰ_ラ,-a neⅣ5Sぅ_ヰ)
in the discharge current region Of =>10 nA. =n this case,

Dfぅ18 given roughly by
●

rqぅ･ -
T4-ラ(N4/ne)A4-ラ+ NoSo-ラ

S5-4

●
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(6.4)

As the population density of the He(I) 2うp state訂4 1S roughly

proportiona1七o七he discharge current, Ⅳぅis no七considerably

丘ependen七 on 七he discharge current in 七he pure He and also

He-Cd discharges･ The relative change of the population density NI

of the Ee(I) 21s s七a七e with the discharge curren七c弧be in七er-

pre七ed in 七he similar way by 七aking into accoun七 the electronic

collision process He(21s). eナHe(21p).
e.

On七he contrary, in refs.6 an且7, only the diffusion,

8七epwise ioni2;a七ion, an丘Penning co11i弓ion proce889B Were 七ook

into accotn七as･七he de畠七mc七ion proce88e8.I the He(I) 2うs State

in the calculation. The 8七epwise ioni2;a七ion rate

comparable with the diffusion lo88 rate Dぅ/A? a七

neⅣ5S5-e beco皿e8

a且ischarge

curren七higher七han 100 mA･ Then Nぅ18 given by
eq･･(6･5)

in the

regio血of =く100 mA in七his case. When ye 七ake into accounセ セhe

electronic collision HQ(2うs) + 守 →=e(2うp)
+ e, N5 1S

.

8atura七e丘
●

in七he region of Iく10 mA, be-cauSe 七he de-exci七a七ion rite
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neNぅSぅー4 is larger by one order of mgni七ude thanthe 8七epwise

ionization rate neⅣぅSぅーC･

The dominan七exci七a七ion proce88eS七o the He(I) 21p an且

2うp s七a七es are the direc七exci七a七ionsand the 8七epwi8e eXCi七a-

七ions from the He(工) 21s and 2うs s七a七es. The des七mction rates

are mainly determined by the radiative decay rates} which are

independen七of the discharge current. TITlerefore事 七he population

densities of the Fie(I) 21p and 2うp states,訂2 andエー4･ reSPeC-

tively7 increase almost linearly with the discharge current･

The si七ua七ion is 七he same also for 七he He(I) excited states

of n = う and 4.

工n Figs.6-う an丘6-5,the calculated population densi七ie8

of七he He(I) 2うs and 21s s七a七es decrease a七discharge currents

above 120 mA. This is caused by the decrease Of the direct
ヽ

exci七a七ion rates and radia七ive cascading ra七es 七o 七hose s七a七e8,
L:

loecause 七he electric field 8七reng七h decreases Vi七h七he discharge

current. Sligh七disc工:ePanCies I)e七ween七he

_calculated
and measured

results probably come from the following;I(i) the assumption

七haセ セhe radial dis七ribu七ion of 七he popula七ion 丘ensi七y of each

Tiミe(I)excited state is 七he Btessel function of 五erO ･Or丘er
does

no七hold valid completely,弧d (ii)七he七rapping c'oefficien七s

for七he七ransi七ions hTie(2うp)ナtie(2うs). hy and ne(21p)ナ

He(21s). hy′ are affec七ed七o Bone eX七ent by the fac七men七ioned

in(i).

The discharge current dependence8 Of the population

densi七ie8 0f 七he ‡王e(I)firB七 exci七ed s七a七es in 七his experiment

are qualita七ively in goo丘agreemen七wi七h七ho8e in ref.5.

The comparison of our results wi七h 七ho8e in ref.4 i8 difficult
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because tl"ie Shapes of the tubes used are not the same. However,

they coincided･ at the point that the population density of

七he･ He(I) 2うs s七a七e is saturated in七he low discharge current

region.

As shown in Figs.6-2-6-5,the presen七 calcula七ed results

of七he population den8i七ies agree with七he experimental results

in七heir absolute value81 an丘also in 七he initial He pressureI

Cd a七oニ 且ensi七yl and discharge curren七 depen丘ences generally･

TJIThen ve assnme 七he Ⅰ{iaXWellian EDY of 七he elec七ron 七empera七ure

de七emii･{ieまT.･Tith the conventional double probe me七hodl howeverl

the calcT=･1a七ed results deviate from七he experimental ones

con8i丘eralcly in 七heir absolute values and 七he initial He pressure

dependeユCeS aS Shown in Fig.6-2. Tile unified七heory of 七he

elec七ro:l上e-npera七ure in ref.26 gives a lower elec七ron 七empera七ure

ヽ

七han七三e Sci.lO七tky 七heory does for a given produc七 of the He pressure

and七he 七Ilbe ra且ius･ HoweverI七he population densi七ie8 Calcula七ed

on 七he -Basis of 七he unified七heory again increased mono七onically
t

up七o 七I-ie initial :-王e pressure around 8 Torr. On七he con七raryl

in 七he case of 七he non-rj!axwe11ian ELF olo七ained from 七he Bo1七三mann

equa七ionl the hig三1er energy
_Part

Of EDY decreased･ ra･pidly

with七上e increase df七he initial He pre8Surel and therefore

the direc七and s七epwise exci七a七ion rates decreased very rapidly.

Consequeri七1yI七he calculated population densities decreased a七

higher irli七ial He pre88ureS.

In or丘er 七o explain七he population derlSi七ie8 in 七he pure

lie and :三e-C且di8Clnarges conBi8七en七1y,therefore, it has 七o

be 七al_Ke三1 into accounセーセhat EDF is non-rv;axwe111ian.
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§6.6.Conclusion

The initial i:ie pressure, Cd atom density, and discharge

curren_七dependences of the population densities of七he He(I)

excited B七a七es in 七he pure 'r壬e and王ie-Cd discharges were explained

七heore七ica11y and consis七en七1y by 七aking into accounセ セhe non-

Iviaxwellian EDY and七he new elec七r.nic collision process;王i･e(2うs

or21s). eナiie(2うp or21p).
e.

It has been confirmed experimentally and theoretically

that七he population densi七ie8 0f七he He(I) 2うs and 21s states

are 8at'ura七ed at the low discharge currents in the pure He and

He-C且 discharges. As the exci七ation processes tO 七he upper s七a七es

of the Cd(II) 4416andう2う0 Å lines,therefore, we must七ake

into account other excitation proces8e8 in addition to the

penning collision process between He atoms in the He(I) 2うs.I

21s state and Cd atoms in the ground state. A further discussion

on the excita七ion mechanisn8 in the PC He-Cd+ laser discharge will

be given in Chapter 8.
ヽl.



120

References in Chapter 6.

1) M.㌍ori, T.Go七o, and S.Haセセori,--Population densi七ie8 Of He

exci七ed s七a七es in a positive colⅦnn discharge use且for the

He-Cd+ 1a8erl--submiモモed七o J.Phy8･Soc･Japan･

0

2) W.T.Silfvaさ七,--Efficien七CW `1a81er O8Cilla七iozl aセヰヰ16 A in

Cd(==) ,-●Appl.Phy8.Le七t.,vol. 1う,pp. 169-171
,Sep.1968.

ラ) a.J.Collins, 氏.C.Jensen, and W.R.Benneセセ,Jr.,--Charge-excbang5

exci七ation in the He-Cd laser,†'Appl.Phy8.Lett.
,vo1.
19,pp.125-

128,Sep.1971.

ヰ)■p･G･甲ovne弧d M･H･Duzn''一班e七astable denBitie8.ad excita七ion

proces8e8 in七he He-Cd laser discharge,'tJ1.Phy8.B.Atom.Molec.

Phy8.,VO1.6,pp.110うー1117,June 1975⊥

5) K.Miyazaki, Y.Oga七a, T.Fujimoto, and K.F止kuda,--Exci七a七ion

C

mechanism of う250 and 4416 A laser lines in七he cataphore七ic

He-Cd laser discharge,--Japan.J.App1.Phy8.
,VOl.

1う,pp.1866-
ヽ

1874,Nov. 1974.

6) I.K.で･･Tiizeraczyk,ttO'n sa七ura七ion mech弧i8mS in PC He-Cd'1aser8,t-

=EEE J.Quantum Electron.
,vol.QE-ll ,pp.218-220,May

1975.

7) S.Wa七anabe, A.Kuroda, and工.Ogura,ttI.inewidth mea8uremen七

and population Calct11a七ion of a He-Cd laser,-1J.App1.Phy8. ,

vol. 47,pp.4887-4895,∬ov. 1-976.

8) N.A.Vorob'e甲, Yふ.M.Kagan,弧d V.M,Milenin,.一旦Iedtron velocity

dis七ribu七ion function in七he po8i七ive
LCO1Ⅵmn

in a mixture

of ga8e8I llSov.Phys.-Tech.Phys･ ●vo1･9IPP･6う2-6う4●Ⅳov･
196ヰ･

9) I).Barbiere,T'Energy distribution. drift velocity' and

七弓mPerature Of slow elec七ronB in heliu皿and argon'(IPhys･Rev･ '

vol.84,pp.65うー658,Ⅳov.19う1.



121

′

10) Ⅹ.Ma昌ek and E.Voka七y,ftSolution of the Bo1七zmarm equation for

elec七rons in七he discharges in metal vapour-helium mixture8I-I

C2;eCh.J.Phys.
,vo1.B24,_pp.267-28う,

1974.

( As七o EDY in the discharges a七medium pressures, the

reader should refer to refs.6-12 in Chapter 4 in pp.74-75

also･ )r-:/＼

ll) M.Mori, T.Goto, and S.Haセセori,-fOn七he･丘e七emina七ion of the

elec七ron density in a positive 'colu皿He-metal laser discharge

having a non-Flaxwellian electron energy di8七ribution,
-I

J.Phys.Soc.Japan,vo1.4う,pp.662-668,Åug. 1977.

12) R.Mews,"On the positive column of discharges in helium at

intemedia七e pre8Bure8I I. =oni2ia七ion mechanism and atomic

l■evel popula七ions, I-PhyBica,vol.47,pp.う7うーう97, 1970.

1う) 氏.Mewe,--On七he positive colum of discharges in heliuma七

ヽ

internedia七e pres8ure81 I=. Plasma particle balance and
ヽ

di8Charge charac七eri8七ics, --Physica,vo1.47,pp.う98-411 , 1970.

14) T.Goto, P..Mori, and S.Haセセori,--Modified ab8OrP七ion method

七o de七emine level population den8i七ies in a ca七aphore8i8

七ype of He-metal laser discharge,--Appl.Phys.Leセセ.
,vo1.29,

pp.うぅ8-う60,Sep.1976.

15) M.Mori, E.Takふ8u, T.Go七o, and S.Ha七tori,--Ion densities in a

posi七ive colu- He-Cd+ laser di8Chaz:gel-lJ.Appl･Phy8･ IVOl･48事

pp.2226-22う0,June 1977.

16) T.Holstein,--Impri80nnen七of resonance ra且ia七ion in gases,--

Phys.Rev.
,vol.

15,pp. 1212-125う,I)ec.1947.1

17) J.D.Jobe and 氏.M.S七.John,1tAb801ute血ea8uremen七B Of七he

21p弧d 2うp electron exci七a七ion cro8B Sections df hel加m

atomB,t'Phys.Rev.
1VOl.1641PP.117-1217Dec･1967･



122

18) B.L.･T･':oiseiwi七sch･ and S.J.Smith,-'Elec七ron impac七exci七ation

1

of atoms, "Rev.Mod.Phys.,vol.40,pp.258-555,April 1968.

19) D.a.Long and R.Geballe,-'Elec七ron-impac七ioni2ia七ion of

He(2sうs) ,-･phys.Rev.,vo1.Al,pp.260-265,Feb.1970.

20) S.Trajmar,--Differential and integral cro88 8eC七ion8 for the

exci七a七ion of the 21s1 2うsl弧d 2うp s七a七e8 0f He by electron

i皿PaC七at 29.6 and 40.1 eV,--Phys.Rev.,vol.A8,pp.191-20う,

July 1975.

21) M.R.■plannery, W.F.MorriBOn, and B.L.Richmond,●--Exci七a七ion in

elec七ron-me七as七able helium collisions,-- J.Appl.Phys.
,vol.46,

pp. 1186-1190,'iL4arch 1975.

22) J.G.Showalter and R.B.Xay,-tAbsolu七e measuremen七of total

electron-impac七cross sections to single七 and七riple七Ieve18

in helium,"Phys.Rev.,vol.All/pp.1899-1910,June 1975.

2う) A.Ⅴ.Phelps,--Absorp七iらn studies 0f helium me七a8table a七om8

and molecules,--Phy8.Rev.
,vol.99,pp.1う07-1う1う,Åug.1955.

24) 氏.A.Buckingham and A.Dalgarn｡, --Diffusion and exci七a七ion

七ransfer of me七a8七able helium in normal gaseous helium事II

Proc･Roy.Soc.,γol.A21う,pp.506-519,1952.

25) T･Dote･"A new
･method

for determination of pla?ma electron

tempera七ure■ from the▲ currenモーVOl七age cha一己c七eri8tic of a

floa七ing double
probel=Report8 0f the =n･8七i七ute of Physical

and Chemical ResearchlVOl･4ヰ■pp･119-127, 19-68.

26) T･I)ote and Y･Ichikawa,'fUnified theory of the electron

七emperature in positive columnsI --J.Phy8｡Soc.JapanIVOl.40,

pp.1217-1215,April. 1976.



12う

9

Chapter 7. :::Jr∴ご乙-;i()riニノ三eci,'1anisrri Of 七he ごr1;･':II)ヰヰ16ムLaser

r
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→-･r～-"
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し止)しJ..し
_:37.:i-v'r

■レ

を7.1. ;n七roduc七io･.,i

-Llleごこer乙11y,the sa七ura七ior1 0f 七he laser ou七pu七 pover is

rela七ed 七o 七IJこepopulation density of 七Ir.e laser lower s七a七e as

well as 七二二a七 of tLie laser upper s七a七e.工七三-iaS
Iceen

s-riOWn七ha上

土三1e POPula七ioニdensity of the laser lower s七a七e plays Bignifican七

role in七he sa七ura七ion of the laser gain in七he iie一三IIe laser.1)

On七he
･o七her

handl in the PC fie-Cd+ laser dischargel the effects

of 七ユニeIDOL-)uユa七ioユ 丘ensi七ies of 七he laser lo･y,,er s七a七es on 七he

laser output powers llaVe loeerl
neglected up to the pres.ent,2-4)

because it has been observed that the behavior of the Cd(=I) 4416
0

A laser output power isanalogou8 tO that of the Cd(=I) 4416 A

Sidelight in七ensi七y. Bowever, it､ seem8 difficul七 to in七erpre七

the discharge
-curren七or

initial He pressure dependence of 七he

O O

Cd(工I) 4416 A orう250 A laser outpu七power taking only the

population density of the laser upper State into account. To

interpret it, probably we need to measured the population density

of 七he laser lower s七a七e accurately under various experimental

conditions･ The only data on the population densities of the laser

lower s七a七es were･ reported by Hodge8.5) They were determined only

a七 the optimu皿 COndition for 七he laser ac七ioh Wi七h 七he absolute

line-in七ensi七y measurement using the 8tandard lamp. Thereforel the

errors may be very large andl nOreOVerl the data are insufficient

七o discuss 七he sa七ura七ion mechani8mS Of 七he laser Output powers.

It is difficult to determine the population densities of

.the
laser lower 8ta七es from the absolute in七ensitieB Of 七he
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O

Cd(=I) 2144 and 2265 A lines in a manner described in Chap七erう,

because of the limitations of the tungsten-iodine standard lamp.

=n 七his chapter,the population densities of 七he upper and

O

lower states of the Cd(I工) 4416 A line w･ere determined by

combining the laser gain measurement with the modified absorption

ne七hod, and it will be shown 七haセ セhe influence of 七he population

density of 七he laser lower 8七ate on 七he laser outpu七power is

considerable, and we canno七interpreセ セhe sa七ura七ion of the

laser Output power by neglecting it.6)

_!7.2.

Determination of the Population Densities of the Upper

and Lower Statesl and Calculation of tlLle IJaSer OuLtput Power

=n this chapter and next ch.apter, the population densities

O

of七he upper and lower a.tate8 0f七he C丘(==) 4416 A line in七he

discharge tube ofう.~5 mm II) ( inner diameter ) under七he various

experimental conditions withou七Iasing are denoted by n2 and nl

re8PeCtively･ Moreover, n20and nlO are defined as n2 and nl

under the near optimu皿COndi七ion for 七he laser aCtion･I the initial

He pressure Ofう｡5 Torrl the Cd ato皿densi七y of l･5.･Ⅹ 101うcm-うI

and the discharge current of 100 mA.

We can obtain n2 and nl from n20 and nlO by measuring

O

the relative changes of the Cd(=I) 4416 and 2144 A 8idelight

inten8itiesl respectively. =n determining thenl the effects 0f

the reSOnanCe 七rapplng Were taken into accotih七. The 七rapplng

O

coefficient of the Cd(工工) 2144 A line wa8 Calcula七ed in a

.manner
similar to 七ha七in Chapterうa88甘皿ing tha七th占radial
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distributions of the population densities of the upperand lower

O

8七a七es of 七he Cd(II) 2144 A line were of 七he Bessel function of

七he zero七h order･ Iもis shown in Fig.7-1.

n20 and nlO Were determined in the following manner･

wi地the method described in Chapterう, n20 Was determined

from the a･bsolute inten8ities of the spontaneous emissions of

O o
the Cd(=I) 4416 A and the Cd(I) 5261 A lines. The ratio.I the

sideligh七in七en8ities was measured using the quartz laser七ube.

The population densities of other Cd(=工), Cd(I),弧d He(工) excited

states,･ from which optical transitions of wavelengths longer than

O

う000 A were allowedl Were also determined in the same manner.

O

The de七ermina七ion
of nlO from the Cd(工=) 2144 A Sidelight

intens･ity with the above method was difficult because of the

large uncertainty involved in the calibration of the relative

spectral sensitivity of the optical detection system and the

difficulty in es七ima七ing exactly the七r-8missivi七y of七he
Cl

tube wall at 2144 A･ Therefore, n10 Was determined from the

difference of七he measured n20 and population inversion density

n20-(g2/gl)n10 ( - Ano )･ The population inversion density

was obtained from the gain measurement in the following way'

0

=n the case.,Of the Cd(I=) 4416 A line of the"natural

iso七opIC abundincel the line profile is complicated due七o

the isotope shifts and hyperfine
split七ing8.7)

Assuming that

each componen七in七he profile has a I)oppler broadened profile

and also七haセセhe natural width AVN is very small compared

with the Doppler width △VD, the saturated gain in七he single

frequency operation i･s given by the Same fomula as that derived

for a single ⊃oppler broadened
profile.8)弛en the coupling
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P

koR

O

Fig･7-l･ Trapping coefficient ? of the Cd(II) 2144 A

line aB a fu皿C七ion of koR･



x(o-I

RELATNE POSITJON (crn-I)

O

Fig･7-2. I,ine profile of the Cd(II) 4416 A line. The number

ad3acent to each component is the ma8S number. The

COmPOnentS due to the odd isotopes are labelled by

a, b, and c.
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plate of 七he 七o七al surface reflec七ivi七y 氏 is used七o 七ake out

the laser output power from the cavity, the laser output power

density can be calculated by equa七ing七he gain to 七he loss

per pass,弧d iもis given by
eq.(28) in ref.9.

=n the case of the nulti-frequency operation, the laser

ou七pu七power W七aken from七he coupling plate can be calculate-a

by assuming七ha七; 1) the number of七he longitudinal modes is

very large, and 2)the gain is 8a七ura七ed indepen且en七Iy at each

I-requency･ By summing up七he laser Ou七pu七power8 over all the

longitu且inal modes, one ob七ain8- that

Td oこI･7R

Where

IJ + R

Go - (n20- g2nl｡､′入≦1A21､､

gl ′ー､87LL!

ヨere, f(y) is the line profile shown in Fig.7-2,7) and iもis

nomalized as

/I(dy,)チy′〒1･

(7.1)

く7.2)

(7.ラ)

王n
eqs.(7.1) and (7.2),且ib the ac七iv占Iength, L i8 the lo88

per pass. The subscrip七8 1 and 2 d･enote 七he lover and upper

s七a七es, re8peC七ively, and g i8 the s七a七i8七ical weight･ N and Vn

are 七1Lle number and frequency b`an丘wid七h of the longitudinal

.pode8･
re8PeC七ively･ and ym I ymax - Vnin･ =n case･f(y) i8七he
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8in$1e Doppler broadened profile, eq.(7.2) i8 reduced
to the

さ`nal1 8ignal gain a七 the center of七he profile.

The relation between the incident angle and the reflectivity

R of the quar也coupling plate iB Shown in Fig.7-う10) for the

v&ve with the polari2;ation in the parallel direction of the

incident plane･ Tuning the coupling plate▼ the reflectivity 氏

changes. and we can obtain the R dependence of the laser Output

power V･ By fitting eq･(7･1)七o
the mea8urOd V ver8u8 氏 curve'Go

弧d i c弧be detemined･ The population inversion density Ano can

be dete叩ined frbm
eq.(7.2)

巴=コ

hli2l
y')dy' are evaluated.

With the measured Go When Vn -a

When the coupling plate i8 not in8er七e丘into the cavity,

the laser Ou七pu七power WI taken out fz?om七he mirror of七he

七ransmi$8ivi七y T i8 given by eq.(7.4) a88uning tha七the radial
ヽ

field distribution iB a Gau88ian of the.be叫radiu8 Wo･

w一三7"o2p8T

'Ⅳ

E[{
入…1A21An且
8TEL

fく㌔H2
-

-〕`,
く7.ヰ)

Where, An =

n2-(g2/gl)nl'8Lnd P8 18 the Ba七ura七ion paraLneter･
●

and. i8 given by

P5=

佃2h q AVN

入…1
'

(7.5J

=n eq.(7.4) , the..8Ⅵ皿a七ion i8 taken over all the longitudinal

modes. =n eq.(7.5),
h i8七he Pla乱Ck con8t-七.弧d

c i8 the light

velocity. using the measured lo85rL and populatibn inversion

density An on the t中e 'axi8, WT caLn be calculated
fro･n eq･(7･4)

′

⊂こ

tmder the vaLrious experiznental condi七ion8.
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隻7.ラ.ヨxperimeri七alProcedure

The experimental a,rrangemen七s are shown in f'ig.7-4. A ca七a-

phoresis 七ype quar七三1aser 七ube was used in 七his experiment.

Also a cataphoresis 七ype Pyrex discharge 七ube was used for 七he

absorption measurement. Bo七h 七ubes were of う.5 mm =.I).. The

capillary part of each tube was put in anoven of 600 K and the

tube was connected 七o a flask of large volume.

Go in eq･(7･1) was measured by varying the angle between

the quartz coupling plate and 七he tube axis in 七ile Way Similar

to 七ha七.in ref･10. A 七yplCal data on 七he a depend.Once of
't4.1

is 8hown in ll'ig.7-5. ･The 七ransverse mode of the laser oscillation

was T即ioo･

The laser ou七pu七 power was measured wi七l-i t土1e 40Ⅹ op七o-meter

( united TiJe七ec七or Technology, Inc. ). The 七rans皿issivi七y of

the mirror froITA l･j･hich七he laser o:u七pu七 power was taken out

was rTieaSured wi七h 七he laTSer beam. =t was es七imated 七o be

O.9う(1土0.02) o/i.

Genera11y, it is difficult to determine accurately the

Cd atom density 'i･Jcd in七he laser tube or 七he discha･rge七ube

only from七he C己oven七emperature., because 'iJcd is influenced

by the oven structure and the discharge current. Inp七he discharge

tube,
:}cまWaS de七ermine･d directly with the modified absorption
▼
,

method described in Chapter 2･エn the la由r七ube, Ned Was

determined wi七h 七he metho,a.且eacribed in ref.ll and. in addition

to it, by monitoring the ratio of the 8idelight inten8itieB

Iぅ261/=501･6 0r I4800/I5016, Where the 8ubBCrip七B are the

O

wavelengths in A of the used He(I) and Cd(I) lines.

A (1uar七z discharge tube of うmm I.D. was also used for 七he
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i{ieaS･Lire･三･,三(:,I,{:七こ二Cご 七i･こ∈PO首じ1a七ion densities of 七he laser upper

s七a七es
.alri己
七1,ir=二`'e(=､-exci七e亡 s七a七es. rlie 己isc三._art;e 七ube iiad

七l-ie Same S七ruc七ure as used for 七he absorption measurement in

Cbapter 2.

旦7.4.Experimental and Calculated Re8ul七s

The results in 七he 七ube of う.5 mm I.D. are a8 follows.

n20 defined in §7･2 was eBtima七ed七o be 7･7 Ⅹ 1010 cm-う･

The ave'rage value often measured values of Goぬs 8･4 I;i/m･

From eq･(7･2)I △no
-

n20-(g2/gl)nlO
- 4･8

obtaining Ano, we put vm
≡ o･17 cm-1and

Ⅹ 1CIO cm-ラ.工n

vm

i:f.チ(/A)dy'-
0･98･
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which was e8七ima七ed roughly from 七he measured loss工一 by as8肌ming

tha七the ion七emperature was 1000 K･12,1う) Then･ nlO
≡ 1･9 Ⅹ

101C cm-ち.
､

ヽ

Figure 7-6 sh9WS nl, n2,紬, and七he laser Ou七pu七power

as a ごunc七ion of 七he discharge current. △n was calculated

from七he measured nl and n2･ The initial He pressure wasう･う

Torr and七he Cd atom den8i七y was 1.5 Ⅹ 101うcm-ラ. A七high

disci-large Currents, n2 i8 8atura七ed while nl increases

monotonically wi七h 七he discharge current. On the other hand,

ムn and 七he las畠r ou七pu七.power have maxima a七 a discharge current

around 140 mA and then decrease with the discharge current.
1

Figure 7-7 shows nl, n2, △n, and the laser Output power

as a furiC七ion of 七he Cd atom density. The initial He pressure

wa8 う.5 Torr and 七he discharge curren七 was lO'O mA. As the Cd

atom density :,丁ed increase8･ n2 has a maXimⅧ a七三すcdチrOund

･yl･5
Ⅹ 101うcm-うand七hen decreaB-e8, While nl has

a naXin-
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a七Tiすcd around 6 Ⅹ 101うcm-う･ =n七hi8 Case, there i8 nO eS8en七ial

difference be七ween七he Cd atom density dependence of n2 and that

of△n.

了igure 7一三s二iO-n-S nl, n2,二ri, and七'[ie laser ou七pu七power

as a func七iori Of 七∴e initial TI三e pressure. The discharge current

was 100 mA and the Cd atom density was 1.うⅩ 1015 cm-∋･ A七higili

initial :三e pressures, n2 is sa七ura七ed wl,iile nl increases

mono七Qnically wi七h 七he initial 7一三epressure. On七he other handI

△n and 七he laser ou七pu七 power have maxima aセ セhe ini七ia1三ie

pressure Of 4 Torr･ The influence of nl On the laser output

power becomes more conBideralole a七 high ini七ial三ie pressures.

The laser ou七pu七power was calculated from eq.(7.4) using

the measured values of An, T, IJ, and the beam radius wo･ The

calculated results are shown in Figs.7-6(b), 7-7(b),and 7-8(b).

They agree wi七h七he measured laser OutPu七power over七he
ヽ

experimental conditions investigated well.
ヽ

AIso with七he. discharge tube of うmm =.D.,the population

density of七he upper state of the Cd(==) 4416呈1ine was

measured. A七 the initial He pressure Of うTorr and 七he Cd atom

density of 1.4 Ⅹ 101うcm-うI it was Saturated a七a discharge

curren七 around 150 mA. On the other hand, in 七he discharge

tube■ofう･5 mm工-I)･, i七can be seen from Fig･7-6(a) tha七n2 is

Ba七urated a七 the discharge current of 200 mA. The discharge

curren七 densi七ies corresponding 七o these discharge curren七8

arc nearly equal with each other. In 七he initial He pre88ure

dependence of the populat･ion density of the･upper State Of

〔･

the Cd(=I) 4416 A line, it was Observed that the similarity

mle for 七he reduced 七ube radius pR held well be七ween七he

discharge 七ube8 0f う and う.5 nn I.D‥
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;.7.5. Reliat)ili七y of五Ⅹperimen七al己esul七s

･-}･ニュere1ムセive ,Ji-IJ･ingeS Gご七i二eL.=･i(I二t/･キ416arid 214ヰ_i

si己elig二t i三′'i七ensi七i∈s can be I;r.easured directly i(ii七三1七i'ie Optical

rj･e七ec七iorl SyS七el;-i.二一'oreoverI七ile effects of 七i-ie iこ[lrJrisorli-{ien七

of radia･tior1 0n 七he sideligh七in七ensi七ies carl be es七i;こa七ed

exactly over 七[le eXperimen七al conditions in figs.ri-6-7-6,

becau8e 七ile population density of the ･3d(II) ground s七a七e carl

be measured v･･i七土 七ilie modified a七)sorption method. ･1'lhereforel

th･e uncer七ain七ies of nl and n2 are determined mainly Dy t土10Se

of nlO and n20･

1しS 七he relative spectral sensi七ivi七y of 七he optical

detection system can be calibrated accurately in 七he waveleng七i･1

0

region from う000 七o 7000 A using 七he ordinary 8tandard lamp,

the uncertainty of n20 is determined mainly Dy the vncer七ain七y

ヽ

involved in紘e population denBi七y ns of七he upper state of

C∫

the O且(I)う261 A line measured wi七h七he modified absorption

:nethod･ ':Ill.ieI::′ieaSuremen七 of ns was repeated using七he Cd(I)
CJ

う261 and 4E:L.I.i()Alines under 七he various Cd atom 且enβi七ies a上

the ini七ia1二三e pressure of う.5 Torr and the discharge current

･ ll) The resultant uncer七ain七y of n20 is es七imated七oof l〔)○ ニーL.

be l･ess 七han +20 I?i.

Tile皿aX土mum value of七he population density of七he upper

state of七he Cd(II) 4416且Iine was 1.2 Ⅹ 1011 cm-うin the
J

discharge tube ofう.5 mm I.I).land i七wa8 1.1 Ⅹ 1011 cm-うin the

discharge 七ube oJ.1P うmm I.D.. They are nearly equal with each

other. On 七he other hand,the population densities of the He(I)

excited s七a七es in 七he 七wo 七ube8 Were in good agreement with



1ヰ○

七･riOSe Calcula七eエ,31.-.七土e basis of a simple collisioria1-radia七ive

model i{i ti-ie ruure ∴c andニニe-I:･',a disci-iargeS aS discuss-ed in

chapter
,:.叫･

::oreover,七･ile magi:riui-;i Value of七上⊥e POPula七ion

density of七he upper s七a七e of the Cd(I=) 4416且Iir.e in the

discharge 七ube ofうmm I･I)･ agreed with the value obtained with the

absolute line-intensity measurement by iiodges5) within a factor

l･6･ These facts show七ha七n2 Obtained here is reliable･

=Ll{le unCer七ain七y of 七he value of a( n,ieaSured repea七ed13r
U

was +14 ;1･i. This is ecjLlal七o 七he uncertainty of七he population
+

年9rT申七yニ2｡-(g2/gl)nlO because七he fac-tor

′二:
,1

1riV.erS10rl

r~~-~~~ ｢ブニ,.-;
i ･′

vt/m j f乙(-,:)dt,.'ハ､monly slightly depends On Vm･ Silfvas七e七a1･
t

l′ヽ

■

ob七ained 七he unsa七ura七ed gain of 4.0 ;.占im the single-Cd-segmented

laseギセu'ue of 2 I:7iニI･D･and 26 cm longunder七he op七im岨m condition

fort,:=e laser action.15)馳en the inverse radial dependence

of七he 占ain is 七aken into accountt an･d the 8imilari七y rule for

the reduced 七-Llbe radius P三i is appliedI七bis corresponds 七o

Cl.6 ∴･/m urlder our experimental condition. This value is close

七o Go obtained here･

nlO T･.;aS also CrO8B-Checked with the following七wo me七hod8･

One method is to determine nlO from the ratio of the Cd(II)
し 0

2144 A 七o 七he Cd(工工) 2288 A Bideligh七inten8i七ies. in a manner

Similar to 七hat s七a七ed in Chap七er う. The population den8ity-

O

of the upper state of the Cd(I) 2288 A line can be obtained from

O

the absorption coefficien七of 七he Cd(I) 5155 A line measured

with 七he modified alcsorp七ion皿e七hod. The other method i8

七o emPIoy七he七echnique of ･the per七urba七ion 8PeCtrOBCOPy.16)

The values of nlO OID七ained with those two methods agreed with

'that obtained here within a factor 2. ryloreoverl the prc8entr
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value of 1,ilニ三iLl{ re1･u,七ively close七o the population dei-iSi七y
l

､

of'七∴∈･ 1c)てJei-I 5七∈L七e I:)f
七ilie Cま(工ニ)キヰ'i6ム. liユe in 七L{le 丘iscムarge＼

tube of三三rii7二工.⊃. obtained by Hodges,5) when the discharge current

dependence of nl is taken into account･ These Show that n10

obtained here is reliable.

/1gure 7-6(b;, ri'-7(b), and 7-3(七) si'iOW t:naモ モhe laser

ou七pu七 power calculated fro;ニeri.(7.4) is very close to 七i11e

measure丘 one･ Tllis iT･eanS 七hat 七he population inversion density

こn (弧d七herefore 1-ilO ) is reliable･ The sligh七differences

be七ween 七he calculated and lrieaSured laser Ou七pu七 powers are

caused loy比e change in七he loss Ij Or七he beam radius wo in七he

course of the experiments probably.

As nlC is丘e七ermined from七he differ9nCe between n20

an丘Ti20-(言2/81)-[ilO :lere, nlO may include a larger unCer七ain七y

than tha七of ri20･ -i;Yen if nl is七he half of七he value obtained

ヽ

here,加wever,七1rle七erm (g2/gl)nl Can never be neglected in七fie

population inversion densi七yl especially in 七he high discharge

curren七 regiorl, in 七he nigh Cd atom density region, Or in the

rilgh initia1二二e pressure region･ The influence of nl On the
1

I

laser ou七pu七I,OIvy'er can t)e easily seen from Figs.7-6 and 7-8.

A七the high disc二1.arb･e Currents irl Fig･7-6, n2 is saturated lout

does no七 decreaseI Vhile 七he laser OutPu七 power decreaBe8.

At the上土gher ini七ial王ie pressures in Fig･7-8, n2 decreases

sligヒセ1y ぬile 七he laser outpu七 power decreases very rapidly.

Also the laser output power calculated from.eq･(7･4) accounts

for 七he コーeaSure丘resul七s well. Thereforel i七 can t)e conclu且ed

tha上 土he con七rilc･u七ion'of 七he population den8i七y of 七he laser
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0

lower s七a七e 七o the sa七ura七ion of the Cd(II) 4416 A laser output

Power is very large.

Irlセヒe co･LirSe Of 七he experiirllel-its, i七 vas o七serve己 七iliaセ

the Cd a七oin densi七J- irl七he capillary par七 of 七Ii'1elaser 七ube,

-･c丘,
decreased gradually wi比the discll.arge Curren七or七ile

initial i三e pressure ぬen 七.fie C丘 oven 七e皿Pera七ure was kept

cons七an七･ The decrease in三言cd Wi七h七he discharge c.lrren七, for

instance, could be observed easily from 七he redu.c七ion of 七he

()

rate of 七he irlCreaSe in 七he Cd(I)う261 A sideli七h七in七ensity.

1.rnen七he Cd oven七emperature was kep七cons七ant, n2 Was

8a七ura七ed a七 a己isci'iarge Curren七 around 120 mAI and 七hen i七

decreased a七higher discharge currents. The laser outpu七power
■

appeared to follow a bahavior similar to that of n2, and the

sa七uTation of the laser ou七pu七power甲Peared七o
Toe
caused

only by the saturation of n2･ On七he contrary, when ltlcd Was

kep七cons七an七, n2 Was Saturated a七tlne discharge curren七aro-a

200皿A▼ buセセhe laser ou七pu七power had a maximu皿a七the

disciliar8･e Curren七around 140 mA･ Thereforel the experimental

results that ti-ie laser output power Shows the bailaVior similar

C･

七o tha七of the Cd(I工) 4416 A sideligh七in七en8ity ( or n2 )

in the discharge

_turren七charac七eristicう)
is caused by the

decrease in
⊥･icd
a七high discharge currents probablyl･

11.

r 7.6. Conclusion

A formula七o de七ermine 七he popula七iori inversion density

from七he unsa七ura七ed gain has been derived for a laB.er line
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whose liれ? profile consists of七he su･perposi七ion of several

inhomogeneously broadened components. On the basis of this

fomulal the population densities of the upper and lower states

of the Cd(I=) 4416且1ine in the PC He-Cd'1aser discharge were

de七emined experimentally by combining七he laser gain measurement

and the modified absorption method. The reliabili七ies of七he

m?asured results were checked in several ways. Iセ セurns out

that the influence of the population density of the laser lower

Sta七e op七he laser output power'i8 COnSiderable 耳nd muB七no七

be neglec七edl especially in the high discharge curren七regionl

in the high Cd atom den8i七y regionI Or in七he high initial He

Pressure region.

The excitation mecllanism8 tO the laser upper and lower

8tate8 Will be discussed in the following chapter.
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Chap七er 8.コⅩci七ation三v"leChanisms 七o the LTpper and Lower States

of七he Cd.(lTI) 4416 i Line

′

!8.i. Introduction

r･Llany papers about the exci七a七ion mechanisms in 七he 王'C

lie-Cd+ laser have been published.i-4) since it has been thought

that the population densitie5 Of the laser lower states are

negligibly 8mall compared wi七h 七hose of 七he laser upper s七a七es,

only the excitation mechani8mS tO the laser upper states have

been discussed so far. Silfvas七 has suggested th.at 七he Penning

excitation process between He atoms in the metastable states

and Cd atoms in 七he ground state is 七he dominan七 exci七a七ion

O

process 七o 七he upper s七a七eB Of 七he Cd(=I) 4416 and う250 A laser

lines.1) Tv.ihen it is assumed tha七only the Penning exci七ation

process is dominant, however, it is difficult to explain the

experimental results that the population densities of the He meta-

stable states are saturated in the low discharge current region

while those of 七he upper B七a七eB and the laser Output Powers Of

O

the Cd(I=) 4416 and う250 A laser lines are 8atura七ed in the much

higher discharge current region.4) To explain i七, Miya名aki e七a1.

have supposed七ha.七fie a七omB in the He(I) 25p -a 21p states also

come into the Penning collisions with Cd aton8 in the ground state,

and proposed七o七ake the a- Nm of the population den8i七ies of

the He(I) first excited 8tate8. But there waB 8ti11 rather large

discrepancies be七ween七he discharge curren七dependence of lTJm

and七hose of 七he population denBi七ies of七h占1a8er upper S七a七es.

O

The discrepancy with respec七 to the Cd(II) 4416 A line became

larger when 七he noTl-radia七ive decay rate of 七he upper state of
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!J

the Cd(II) 4ヰ16 ji line was 七aken into account.
5-7)

J左riOSSy e七 al. proposed 七haセ セhe s七epwise exci七a七ion

process from 七he Cd(I工) growid s七a七e was the dominan七 exci七ation

process at high丘ischarge currents.ラ)
They assumed that the Cd(工工)

ground s七a七e was excited most dominan七Iy t)y 七he Yenning exci七a七ion

processand･ therefore･ the population density ncd. Of the Cd(.I=)

ground state was saturated in the low discharge current region.

However, experimentally determined ned+ increased linearly with

the discharge current and was not saturated･8) ned+ also increased

monotonically with the Cd atom density. Our calculations

have shown that 七he direc七ioni21ation of Cd atoms by electron

impacts is much more dominanセ セhan 七hat by 七he Penning collisions

as desc工■ibed in Cbap七er 5.

There is 8till the large ambiguity on the excitation

mechanism to the upper state of.the Cd(II) 4416 a line

as mentioned above. On もhe laser lower state, which plays an

irrlPOrtant role in the saturation of the laser Output power, the

excitation mechanism has never been discussed yet. In this chapter,

the exci七ation mechanisms no七 only to 七he upper state of the

O

Cd(=I) 4416 A line but also to the lower state are discussed

on七he basis of七he measured par弧e七ers.9)

至8.2. Rate Equa七ion8

Although the dominan七 excita七ion proce8S 七o the upper

s七a七e of七he Cd(==) 4416 A line･ the Cd(==)15s22D5/2 State･

O

has been assumed to be the Penning collision proceB8 between

He atoms in the me･tastable state8 and Cd atone in th'e ground
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s七a七e,1･2)the disci,large Curren七dependence of七he population

C･

density of七he upper state of七he Cd(II) 4416 A line'n2'Shown

in Fig.7-6 is quite differen七 from 七hose of 七he population den-

sities of一 七he He(I) metas七able s七a七es shown in Fig.6-5. :～:ere, We

examine whether the discharge current dependence of n2 Can be

in七erpre七ed with the 七o七al Penning exci七ation rate including all

七be Ee(Ⅰ) excited states or not. Al七hougb 七be工･e is no data on

the collision cross sections for the Penning ionization8 between

Cd atoms and壬ie atoms in 七he non-me七as七able 8tateS, i七has been

reporte'd that those between Ar atoms and He atoms in the He(I)

ぅうs andううp ( or 21p,う1s, andう1p ) states are no七differen七

by a factor of more 七han 2 from 七ha七 be七ween Ar atoms and He

atoms in the He(I) 2うs ( or 21s ) state.10-1う)
Therefore, it i8

no七 unreaeiOnable 七o assume 七ha七 collision cross sections for

the Penning ioniza七ions l〕etween Cd atom8 and He a七o皿8 in various

He(I)triplet ( or singlet ) excited s七ate8 are identical in

magnitude. In this case, the total Penning excitation rate to

the laser upper s七a七e is given by (nT6vT. nS6vs)Ncd･
Here･

nT ( or ns ) is七he stu of the population densi七ie8 0f the He(工)

triplet ( or singlet ) excited states 0f the principal quantum

number n = 2 七o 6.determined experimentally. The sum of 七he

population densities of the He(I) excited 8七a七es of n -2
7 was

negligibly small compared with nT Or ns･ 6vT ( or 6vs ) is the

rate coefficien七 of 七he Penning collision of He atoms in the

七riple七( or singlet) excited 8七a七es. We used 2･5 Ⅹ 10-10 cmう/see
-

14-16) In Fig.8-l.for 6vT and 6･うⅩ 10-10 cmう′sec for 6vs･

七he七o七al Penning exc･i七ation rate (nT6vT. nS6vs)Ncd 18 Shown

･

as a function of the discharge current. The discharge curre.n七
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dependence of t三,ie 七o七al Pennin卓; eXCi七a七ion rate i.a still quite

different from that of n2･ Therefore, it is difficult to explain

the dischar()se curren七dependence of n2 by七akin6 Only the Penning

e五Ci七a七ion process into account.

It was confirmed that the direct excitation rate calculated

with the collision cross section in ref.17 was smaller by one

order of magnitude than the Penning excitation rate under the

experimen七al conditions inve8七iga七ed here. =f i七is assumed

七haモ モhe direc七 exci七a七ion process is dominant, the collision

cross section of it must be of the order of 10-15 cm2. This is

no七 probable, because 七he 七o七al ioniBa七ion cros8 SeC七ion is of

七he same order. Also i七was es七ima七ed from the measured Pie+ ion

densities that the radiative cascading rate8 fron the high lying

Cd(エI) s七a七e8,Which were excited by the thermal energy charge

transfer excitation process,could be negligible compared with

七he Penning excitation ･ra七e.
On 七he other hand, the rate of the

stepwise excita七ion from the Cd(II) ground 8七a七e is large probably,

because 七he population density of the Cd(工I) ground 8tate is

rather large at the optimum condition for the laser action,8)

七he 七hr6shold energy i8 low,and the collision cros8 BeC七ion

between electrons and ions may be large due to thel Coulomb

in七erac七ion.18)血erefore, as the exci七a七ion proce88e8 in七he

ra七e equation,the s七epwiBe and Penning excitation proces8e8 are

taken into account.

As 七he des七ruc七ion process of 七he upper s七a七e, only the

radia七ive七r-si七ion ( 5522D5/2ナ5p2pぅ/2 )I has been a88-ed

before. iioweverl i七haB been Shown experimentally 七hat 七he

. non-radiative decay rate of七he s七a七e due七o the elic七ron
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de-exci七a七ion process and 七he diffusion process is of 七he same

order of magrii七ude as七he radia七ive one.5,6,19･20) This is also

expected from 七he results obtained wi七h 七he flowing af七erglol^'

technique in ref.7. The transition probability of the Cd(=I)
¢

4416 A line is rather Small because七he七ransition 5s22o5/2す

うp2pぅ/2 involves a change of七wo elec七rons in the orbital qu-七-

nu皿ber, which is forbidden according 七o 七he selection rule. The

non-radiative decay rate can be of the same order a8 the radiative･

decay rate in this case.7)

Then in the steady State, n2 is given by

(nT6vT + ns6vs)Ncd + nencd+It･:2

n2

A21 + Dcd十/(∧ po/2) + ne6TVde

(8.1)

Here･ ned+ is七he population den.si七y of七he Cd(=I) ground s七ate･

M2 i8 the rate coefficient of the stepwise excitation from the

Cd(II) ground s七a七e, whi申wチ苧_0や亨ainedwith也e c.9.11i申on cro苧

section an丘七he electron energy dis七ribu七ion function ( EDY )

calculated in Chapters 5 and 6.21) ne is the electron density'

Dcd+ is the ambipolar diffusion coefficient of the Cd+ ions. ^ is

the diffusion length, po is- the initial He pressures,and 6vde

is 七he rate co.efficien七 of 七he electronic de-excitation.

=n eq･(8･1), as nT'nS'Hcd,弧d ncd'･ the values obtained

in Chapters 4 - 6 were u8ed･ Dcd+and 6vde Were Calculated from

the data in refs.5, 6, 19,and 20. As the measured or calculated

collision cross section for the 8tePWi8e eXCitation as a function

of the electron energy'6M2(u)I Was nO七availa弧e･ its value

was assumed in 七he following way. The measured co11i'8ion.cro88
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sections for the s七epwise exci七a七ions from七he王･壬g(工I) ground

s七a七e in ref.22 can be well approxima七e丘I-uy Orawin･s formula.25)

As七he electron configuration of七he Cd+ ion is similar七o that

of号-i圭;+ ion･ i七can be assumed七haセセhe functional form of 6fty12(u)

is given by DravJin's formula･ The peak value of 6:v･i2(u) was assumed

so七ha七n2 Calculated from
eq･(8･1) agreed with the measured one

at the optimum condition
.for
the laser action. Figure 8-2(a)

shows dfJi2(u) obtained in this manner･

The excita七ion mechaniBm 七o 七he lower s七a七e of 七he Cd(工I)

4416且･line･ the Cd(==) 5p2pぅ/2 State･ is somewhat different

from 七hat to 七he upper s七a七e. The sums of 七he population densities

of theロe(I) excited s七a七e8･ nT弧d ns･ decrease slightly with

the discharge current, decrease With the Cd atom density,and

decrease slwoly a七ini七ial He pressures higher 七han 4 Torr. 21)

On the contrary, the population density of七he lower state, nl,

increases mono七onica11y tin any
case aB Shown in Figs.716(a),

7-7(a), and 7-8(a). Therefore, the Penning exci七a七ion process is

never dominant. The direc七exci七a七ion rate from七he Cd(I) ground

s七a七e is much smaller 七han 七he Penning excita七ion rate according

to the calculation with the collision cros8 BeCtion in ref.17.

when iもis assumed七ha七Cd+ ions in七he laser uPPet 8七a七e are

de-excited only to the laser lower state by the electronic

collisions,the cascading rate from 七he laser uPper 8七ate 七o

the laser lower s七a七e i8 given by
n2(A21

+
ne6T?de)･工n

the Cd

atom den8i七y dependence of七he cascading rate, it has a maximum

a七the Cd atom density Ncd Of 2 Ⅹ 101うcm-う･･But nl has amaXim-

at Ned Of 6 Ⅹ 101うcm-うa8 Shown in Fig･7-7(a)･ Therefore, either

the cascading from.the laser upper s七a七e canno七be do皿inan七.
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On 七he other lland,the s七epwise exci七a七ion rate from 七he Cd(=工)

ground s七a七e is lart;.e probably, because 七he electronic collision

cross Section for七he optically allowed tr-si七ion 5p2pぅ/2
-

5s2sl/2 1S expected to be large and the 七hreshold energy is low

0

( 5･8 eV )･ As七he七ransition probability Å10 0f七he Cd(工I) 2144 A
■

line is very large (うⅩ 108 see-1 ),24･25) the non-radia七ive

decay rate can be negligible compared with the radiative one.

Then, in the steady state, nl is given by

nl
=

e
n ned+Ml

71AIO

(8.2)

where Ml is the rate coefficient of the stepwi8e eXCitation

from七he Cd(工工) ground s七a七e･り1
is the七rapping coefficien七due

C

七o 七he imprisonmen七of七he Cd(=I) 2144 A line,and it is shown

in Fig･7-1 as a function of the optical depth koR･ With the

measured population己ensi七y of七he Cd(=I) ground sta七e'ワ1 could

be
calculated･フ1

Was nO七1ess七han O･72 in our experi皿en七al

conditions･ The collision cro88 Section 6Ml(u) was calculated

in 七he same l･]ay aS in 七he case of 七he laser upper state. I七is

shown as a function of 七he electron energy in Fig.8-2(b). The

rate ･coefficien七･MI Was Calculated from 6Ml(u) wi七h七he non-

Maxwellian EDY.

を8.ラ.Comparison of Calculated and Experim甲七al Results

The calculated nl and n2 are Shown by the dash-do七and

dotted lines, re8PeC七ively, in Figs⊥8-1, 8-う' and 8一斗,and are

七abula七ed in Table8 8-1へr8-ラ. I七 can.be 8een from the figures
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table 8-2.玉Ⅹcitatlon rates in the Ee-Cd d18Charge &8 a ftnction of Cd atom denBity･.

う.5 nn I.D.,initial tie pre88ure Ofう.5 ℡Qrr,丘i8Charge current of 100 mA.

Ned(Cm-ラ) 1.1125.8126.6121.01う1.51う2.51う4.01う

甘2うs+2うp(cm-ラ) 8.2127.9127.1126.o124.6122.7121.212

耳21s+21p(cm-ち)一 1.ヰ121.う121.2121.1126.8115｡0112.011

ne(.m-ラ) 8.0118.61.19.0119T4119.8111.1121.112

Ned+(Cm-5) ラ.4101.2111.811う.4114.う116.7117●611
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○
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1-.2や_____-
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¢

+I
a
+I

∽

F1

Stepvi8eeX.rate
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A10(8eC-1)

5.4171.5181.818う.6185.0186.8186.918
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○

>
○

ー1
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N1(Cm-ち)

o.990.970.950.910.870.820.80
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℡&ble 8-).玉Ⅹcitation rates in the He-Cd di8Char8e &8 a ftnctioz1 0f izLitial He pre88tLre',

!.5mm工.D.,Cd･ at.孤 density.I 1.5エ1015
cm一子.
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ne(em-ち) 4.4117.0119.8111.4122.皇12う.412

甘cd+(Cm-5) 4.2114.211.4.う114.う114.う11ヰ.711

4)
+I
a
+I
帆

Lf1

○
Pl

【ヨ

PenningeX.rate

(cn~う8eC-1)

S七epwi8eeX.rate

(c皿-う8eC-1)

A21(8eC-1)

1.0161｣51.62.う162.9162.,6161.516

1.0171.417'1.7172.5172.8172.917

1.26-----

i)

㌔iS(8eC-1) 7.054.65,.o52.251.651.15

5.う58.451.261.762.664.16.

･ヰ.6106.う107.2108.ヰ107.9105.710i

rae(8eC-1)

耳u(cm-,)

○

ES]
a
一■
∽

ー
○

>
○

ト1

一StepviBeeX..rate

(cn-,Bee-1)

A10(8eC-1)

Trapping

Coefficient

2.8184.1185.0187.2189.7188.う18

ラ.08--I---

0.890.890.870.890.890.87

1.0101.5101.9102.710う.610う.210-N1(Cm-ラ)
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七haモ モhe calculated results accoun七 for 七he dependencest of 七he

measured nl an己ニ( On Various experimental param･eter8 Wel1･
∠

工n Fig･8-1, n2 increased almos七1inearly up七o七he discharge

curren七of 140 mA･ The Penning exci七a七ion rate (nT6vT 'ns6vs)Iqcd

in eq.(8.1) is saturated a七the discharge curren七below 20 mA

and remains almo8七 cons七an七 aセ セhe higher discharge curren七8,

because nT and ns are sa七ura七ed in七he low discharge current

e

region as Shown in Fig.6-5･ On the contrary, n and ned+ increase

linearly v･:i七h 七he discharge current and 七he BtePWise excita七ion

rate nencd十M2 increases mOnOtOnica11y･ The ratio
I

nencd+M2/(nT6vT
+
ns6vs)Ned lS about 9 at the discharge current

of 100 mA. If the absolute value of the collision cross Section

for七he s七epwise excitation is 8naller by one order of zn喝ni七ude

than the present One'n2 Calculated from eq･(8･1) is 8atura七ed

in the low discharge current region and the zBea8u.red discharge

curren七dependence of n2･ CannO七be interpreted･.This ne-B that

the s七epwise exci七a七ion proces8 a8 Well &8 七he Penning eエCita七ion

process i8 dominan七in 七he exci七a七iQn PrOCe-88eB 七o 七he laB･er

upper sta七e･ The saturation of n2 a七･hish di8Ch-ge curzTentS in

Fig･8-1 is caused by the increase in
ne申de -a

by the a,ecre/a8eS

in nT., nS, and M2

,due七o七he

reduc七iQn Of七he electric field

strength.

In Fig･8-ラ, n2 increases With the CIA ato皿denBity･ and

is saturated aセセhe Cd a七on density aro皿d 1.5 Ⅹ 101うcn-う･ The

s七epwise exci七ation rate nencd十M2 1n eq･(8･1) shows a behavior

similar七o七ha七of n2･ The decrease in nencd+F12 a七the high

Cd atom density is caused by the decrease in M2 due七o the

t

reduction of七he high energy par七of EDP. The Cd a七o皿den8ity
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dependence of (nT6vT + a,q6vs)!qTcd is also analogou8七o tha七of

n2 in七his case･ ◆Sligh七色iscrepancies be七ween七he Cd atom density

dependence of the measured n2 and tha七of七he calculated one

may cone from the uncertainty of the electron energy dependence

of七he cro,BS Section dM2(u)･

工n Fig･8-4, n2 incre&BeB With the initial He pre88ure and

i8 8a七ura七ed aセ セhe ini七ia1王ie pre8Sure arOund 5 Torr.

nencd'M2/tA21十D｡d十/(∧2p｡/2). ne石7del
fo11ow8七he a-e behavior

a8 n2･ The slow change in nencd+粥2 is caused by thaセセhe increase

in
ne占ancels七he

decrease in M2 and, moreover,.ned+ iB almo8七

con8七弧七(-5
Ⅹ 1011

cm~う)
in七he initial He pressure region

concemed. On 七he contrary, when i七iB aS8Ⅵ皿ed tha七 only the

Penning exci七a七ion proce88 iB dominant, th魯Calculated n2

iこ::二ニュ

decreases rapidly at highini七ial He preB8ure8 because (nT6vT '

nsdvs)Ⅳcd lS Saturated a七the initial He pre88ure around 4 Torr

-a ne訂de increa8eS･
I

The assumed value of 6M2(u) as to the laser upper 8ta七e i8

of七he order of 10-15 cm2. I七e弧be reasonable because the

collision cro8S 8eCtion8 for the 8tePWi8e eXCitatio-n8 fron the

ca(==) and Ba(=工) ground 8t.ateS are Of the order of 10-15cn2,26,27)

-d七ha七from七h?･Hg(==) ground 8ta七e i8 0f the order of 10-16

em2.22)

The above facts show 七ha上 土he 8七epwise exci七a七ion proceB8

from 七he Cd(II) ground s七a七e i8 七he dominan七 exci七a七ion process

to the Cd(==) 5s22D5/2 S七a七e aB Well aB the Penning excita七ion

Process.

It is very inte･resting to note that there is not a very

considerable difference.be七ween 七he Cd ato血色en8ity dependence of
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the Penning excita七ion rate and 七ha七of the s七epwi8e eXCi七a七ion

ra七e･ Although i七has been assumed from the 8imilari七y among七he

Cd atom density depen丘ences of the product (nT十ns)Ncdand n2 that

the Penning exci七a七ion process is七he
zno8七doninant,1) calcula-

tion8 8how tha七 the Cd atom density dependence8 0f the 8七epwiBe

exci七a七ion rate,the charge transfer excitation rate, and七he

direc七exci七a七ion rate are 8inilar七o tha七of
･n2 als10･

Therefore,

We Can COnClude 七ha七i七i8 i皿PO8Bible 七o make clear which proce88

is dozninan七among the excita七ion proce88e8 tO 七he Cd(=I) 5822D5/2

State Only from七he data concemlng 七he.Cd atom den8i七y dependence
●

ofn2･

The excitation nechani8m tO the･upper state of the Cd(II)
○

う250 A

Same aS

line･七he Cd(工=) 5s22Dぅ/2 S七a七e, is expec七ed七o be the

that-七o七he Cd(==) 5s22D5/2 S七a七e because the Cd(工=)
0

う250 A sidelight 与n七ensi七y follows the same behavior as 七he

c且(工I) 4416且sideligh七in七ensi七i.
ヽ

In Fig･8-1, 8-ち,弧d 8-4, nl Calculated from
eq･(8･2)

accounts for the dependences of the measured nl On Various

experimental parameters well. This mean8 七ha七 the s七epwise exci一

七a七ion proce$8 from the Cd(I=) ground 8七a七e i8 the皿OS七dominan七 one

among several excitation prQCeS8e8 tO the lower 8tate Of the

O

Cd(工I) 4416 A lins'･ =n Fig･8-う'nl has a maximum a七hTcd higher

th- 1･5 冗 101うcm-5 a七which n2 has a maxim-･ This difference

is caused by 七haセ セhe 七hreshold energy for 七he s七epwi8e eXCi七a七ion

to the laser lower 8tate is smaller than that to the laser upper

s七a七e･ The 8七epwi8e eXCi七a七ion rate nencd+Fll･由e8 nO七色ecreaBe

un七il七he energy part of u
≧ 5.8 eV of EDY decreases considerably

-a the increase in ne or ned+ is cancele丘out by th9 decrease

in Ml･
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工n the IIe-ごd ,3ischarge, Csillag e七 a1. obtained laser

oscillation aセセニ1e Cd(二王)叫16 L'=i line.28) The laser output power

in訂e-Cd TJIaS SrrialleT Dy 七wo orders of magni七ude 七han 七ba七in
l1

7iie-Cd of the same discharge curren七and elec七ron七empera七ure.う･28)

This dif.ference is caused partly by 七ha七 the laser upper s七a七e

is never excited by the Penning exci七ation process in Ne-Cd.

モiowever, i七is caused mainly by 七he following probably. First,

the electron density in訂e-Cd is smaller than 七hat in He-Cd

according 七o our preliminary experi皿en七. Second, the high energy

par七 of EI)F in Ⅳe-Cd is possibly smaller 七han 七hat in He-Cd.

In fact, the hig{i erlergy par七 of E王)F in Ⅳe is 8maller 七han 七ha七
Il

in Ⅰ王e when 七he average electron energle8 are identical between

them.29-う1) As a result of七he8e two facts,the population den-

sities of the laser upper and lower s七a七es decrease. Particularly,

that of the laser upper 8tate decreases considerably.

Even if 七he stepwise exci七a七ion process is dominant,

helium is necessary for obtaining the stable discharge, and the

combination of EI)Fl the average electron energyl electron densi七yI

cd a七om且ensi七yl and Cd+ ion den8i七y optimum for the laser action

O

aモモIl･1e Cd(工工) 4-416 orう250 A linle.
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皇3.4. Conclusion

The exci七a七ion mechanisms to 七he upper and lower states of

the Cd(I工) 4416呈Iine have been discussed on七he basis of the

measured electron density, ion densities, and population densities

of the He(I) excited s七a七es using七he rate equations and the

non-i埠axwe11ian 五I)F.

The following points have been made clear: The dependence8

O

of the population density of the upper state of the Cd(II) 4416 A

laser line on various experimental parame七er8 have been explained

well by 七aking into accoun七 the 8tePWise exci七a七ion process from

the Cd(I工) ground state,the Penning excita七ion process, and the

non-radiative decay process. It is concluded that the dominant

excitation process 七o 七he la8er upper State are 七he s七epwi8e

exci七ation process from the Cd(I工) ground state and七he Penning

exci七a七ion process. On 七he other､hand, it has been a88ured that

the most dominant exci七a七ion process to 七he laser lower state

Should be the stepwise excitation proce88 from the Cd(=I) ground

s七a七e.
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Chap七er 9. Conclusions

･11i-ie eXCita七ior_乙/iC 乙乙t⊥r･乙七ioー.TieCニ乙i･二isi:lS
iこ tエie kC --=-e-CdT

laser丘ischar占e i-i;iVe 'ceen discusse丘Liuan七i七a七ivelJ･ irl七his

disser七a七iolri, and 七he following resul七s土ユaVe been obtained.

The modified absorption metilOd developed here proved七o

be useful and accurate in de七ermining 七ile POpula七ion densities

of various excited states of fie(工), Cd(Ⅰ), and Cd(工工) in a

catap･niOreSis type of PC He-Cd+ laser discharge･ This method

gives accurate absorption coefficients in 七he ul七raviole七region

a8 WCll as in the visible region. With this method, the

population density of the Cd(II) ground state could be determined

directly for 七he firs上 土ime. The modified absorption皿e七hod

coul丘 also b占 ap:〕1ied 七o 七he 且e七ermina七ion of 七he at)801ute

in七ensi七ies of spontaneous emi8SiTOnS in 七he PC gas discharge.

The electron energly dis七ribu七ion function ( EDY ) in七he

PC TIie and -.qe-Cd discharges were discussed by comparing 七he

experimentally determined population denBi七ies of the He(工)

excited states wi七h 七he theoretically calculated ones. It ha8 been

concluded 七haセ セhe dependences of the population densities

on va羊■ious experimental parameters can be explained wi七h 七he

non-l'･'1axwe11ian EDY calculated from 七he Bol七耳mann 七ran8POr七 e.quation

consistently. Therefore, the non-MaxwellianEI)F has been used

七hroughou七 this di88eで七a七ion.

=七 ha8 been shown 七hat the electron density in 七he he-metal

discharge at medium pre8BureS Can be determined conveniently

wi七h 七he modified double probe method even in 七he case Of the
I

non-㌍axwellian EDY. The electron density detemined vith 七hi･B
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method i8 in goo丘agreement with that obtained with 七he micrbwave

c&yity technique by other inve8tigatoz?S･

The He+ and Cd+ ion den8itieB in the PC He-Cd+ laser

discharge were 8eparated by combining the modified ab80Z?Ption

method with the modified double probe method. They are also

checked with七he theoretical calculation8I and it has been found

that the dominant ioni2;a七ion proce88 0f Cd atoms i8 the direct

ioni2iation proce88･ The Penning ioni2;a七ion rate of Cd atoznB

i8 nOt more than lO舛of the total ioni2iation甲te Of Cd

atoms. ℡hi8 i8 a Very in七ere8七ing reBu1七 abouセ セhe ionic;a七ion

mech-i8n8 in the PC He-Cd+ laser di8Chargel Where the Penning

ionia;ation proce88 ha8 eVeZ! been considered to be the most

dominant ioni2iation proce88 0f Cd atoms.

The population dens,itie8 0f the He(工) excited 8tate8 Were
ヽ

detemined experimentall.y with七he modified abさOrPtion method?

and calculated theore七ic&11y with rate equations. Especially

in七he di8Charge cuzTen七dependenceB Of them● it has been made clear

fozT the fir8七time that the 8atu士ation of 七he population den8itie8

of the He(I) 2うs and 21s 8tate8 in the low di8Charge current

I?egion iB Caused by 七he fact that the electronic de-ex.citation
t

rate of the pro.ce88 He(2うs or 21s) + e ◆He(2うp･or 21p).
e

dominates 0VeZT the diffusion lo8BieB Or the 8tePWi8e ioni2;ation I

rate He(2うs or 21s). e ◆He'. 2e in the discharge curr.nt

O

zTegion of =>10～20 mA. ℡he Cd(工I)ヰ416 and 5250 A 8idelight

inten8itie8I hovevezTI in¢re&8ed monot･onically With the diBChazTge

Current up to a di8ChazTge Current aZTOund 140 mA. Thi8 8ugge8t8

that
･･.vo
have to take in七○ &ccotmモー0七her exci七a七ion proee88e8七o

▼
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the laser upper 三-Ca℃es irl addition to tile王ノenning exci七ation

Process.

The population densities of 七⊥ユeupper and loT･r]er S七己te8

0

of the Cd.(ニ工) 4ヰ1.6 }ti line were deter;nined by corTibiこing the

laser gair- measuremen七 and the modified alosorp七ion me七hod･ It

has been found that the population density of the laser lower

state cannot be neglected compared with that of tile laser upper

s七a七e w'riile i七vlaS neglected so far in the in七erpre七a七ion of metal

vapor lasers generally･ This was assured from the discharge current

and initial ne pressure depen丘ence8 0f 七he laser ou七pu七power.

Therefore, i七 has been shown that 七he saturation mechanism of

the Cd(II) 4416呈1a8er Ou七pu七power canno七be interpreted

unles8 the poFula七ion den8itie8 0f 七he laser upper and lower

states are takerl into account.

The exci七a七iorl meChanisms tD七he laser upper and lower

states were discussed finally using the measured parameters.

I七 has 七)een found 七haセ セhe dominan七 exci七a七ion proce8SeS 七o 七he

laser upper state are 七he s七epwi8e eXCi七a七ion process i-rom 七he

Cd(II) ground s七a七e and the Penning excita七ion process. The most

dominant excitation process to the laser lower state is the

s七epwise exci七a七ioTI Process frop the Cd(I=) ground ''s七a七e.

Also it ha8 been pointed out 七hat we cannot.decide which

process is dominan七 among the exci七a七ion proce8SeB 七o 七he laser

upper states only from the Cd atom density dependence of the

O

Cd(II) 4416 orう250 A 8ideligh七in七ensi七y･ Ac叫ally, also七he
O

Cd(II) 5うう7 Å sideligh七intensi七y, whose upper S七ate was excited

by the different excitation proce88eS. followed a behavior

similar七o the Cd(IT) 4416 orう250且sideligh七in七ensi七y.
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As mentioned above,
A-JOS七

of 七ilie essential parts as to 七he

exci-uatio.i-iニeC三▲乙こisユニin ti･le :r･･こニー二e一二d+1乙E-:er ∴ave beeriコade

clear iニ tlr.is ごtlJdy.
･'ever七こ･⊥elessl

ill 0rder 七o malL(e 七三Ie

exci七a七iori ≡.zleCi,.arこ⊥s:TisClear :TiOre liiuar1七itat･ively,
iもis l'1eCeSSa.I;i

七o solve 七i'/c follov:in61 pro†)1erns.

=ri
･Oi-lE-､P七er 4, we irl七rorluced 七he nominal elec七ron 七erlrユPera七ure･

三;owever, i七s ニeこエ土ユこ WaS not glVeri七here because 七ile Calcula七ioi,,i

of 七三⊥e electron currenセ セo 七ile dou''Jle probe vlaS difficult o1･l

accoun七 of 七he co11ision8 0f elec七rons wi七i,l二二e atoms.

工n Chapter 8, i七has been concluded thaセセhe s七epwise excita-

七ions from七he Cd(II) groun且 s七ate 七o 七he laser upper and lower

s七a七es play s=gnifican七roles in the population inversion

mecilanisms.ムモ モha七 time, we u8ed 七he values of ti-ie COllision

cross sec七iorlS Of the stepwise exci七a七ions inferred from 七he

rlieaSured population densities of､セヒe laser upper and lower states.

In future} it is indispensable to measure those collisiori Cross

sections.

The radiative decay rate of the upper state of the Cd(II)

4416 1q･line has been measured by several inves七iga七ors. I七is

necessaryl iliOWeVerI七o measure accura七ely 七he 七o七al decay rate

in 七ile discharge condition suitable for 七he laser action because
l

the electronic de-excitation rate and the a.iffu8ion loss rate

canno七 be neglected compared wi七h 七he radia七ive decay一ギa七e.

As 七he popu1.a七ion densi七ieB Of various excited states and

the electron density all have been determined on 七he 七ube axis

and七he exci七a七ion mechaniBmS have been diseu88ed七hereI七he radial

distributions of those population den8itie8 8CarCely influence

on the results and･conclu8ions described here. Howeverl it is
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necessary 七o ェL'⊥eaSure 七he radial dis七ribu七ion of each density

in investiga七ing +Jne eヱCi七a七ion mechanisms more quan七i七a七ively

in future.
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