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Chapter 1., Introduction

$1.1. Metal Ion Lasers

Many gas lasers have been developed since the discovery
of the He-Ne laser."z) Among them, only the rare gas ion lasers
and the positive column metal ion lasers have many laser lines
in the visible and ultraviolet spectral regions. They are the
most important light source in the color holography, the color
display, the printing, the laser metrology, or the Raman spectro-
scopy because of their good stability, relatively high output
power, and manageability,

In the rare gas ion lasers, the active media consist of
the rare gas discharges of the high discharge current den-
sities,3’4) and the laser output powers of the order of several
watts can be obtained. Because of the high discharge current
operation, nowever, 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 return
path are needed, and the whole systems are usually rather huge
and expensive, On the contrary, the positive column metal ion
lasers using the rare gas-metal mixture discharges as the
active media have much lower threshold discharge currents and
higher quantum efficiencies than the rare gas ion lasers,5>
because ionization potentials of metals are low, The additional
equipments are not necessary.

In 1964, the pulsed laser oscillation was obtained in the
Hg(II) 6150 and 5678 4 lines.®) This was the first metal ion

laser, Later, pulsed and continuous oscillations were obtained



. . . ; - - -12)
in the ionic spectra of metals suck as Cd, Zn, Se, and I.”* 12

hAmong them, the positive column He-Cd™ laser exhibited a high
efficiency, anc a relatively high laser output power was obtained

0 5)

at the Ca(II) 4416 A line, foreover, laser oscillation was

obtained at the CA(II) 3250 ~ ultraviolet line without any
modification of the laser tube.9’1o)
In the early years, this positive column He-cd' laser was
realized with the oven type discharge tube; the Cd grains were
placed in pockets zalong the tube axis and they were heated
with heat tapes, This structure is, however, not suitable for
making practical type lasers, and the control of the Cd vapor
pressure is rather difficult at high discharge currents, In 1909,
a cataphoresis type laser tube was developed, with which a
uniform axial distribution of the Cd atom density was obtained
by means of the cataphoresis effect.13_15) Most of the practical
laser tubes used at present are the cataphoresis type. Some
technical improvements nave been done in the laser tube there-

16-18) .44 the positive column He-Cd™ laser has become

after,
the most convenient and practical laser among the metal ion
lasers,
Laser oscillation can be obtained also with & He-Cd

discharge tube of a hollow cathode structure, which utilize

the negative glow as the active medium.Tg) In the hollow cathode
discnarge, on€e can obtain moré laser lines and higher laser
cutput powers than in the positive column discharge.19’20)
A practical hollow cathode laser system has, however, not been

constructed yet because of the complicated structures, diffi-

culties in controlling the Cd vapor pressure, rather unstable



laser outpul powers, and difficulties in preventing possible

arcings accomparnied with an extensive sputtering which leads

to deteriorations or insulations and to the starvation of gas.
In view oI thrhe positive column He-Cd¥ laser being the most

important netzl ion laser at present as mentioned above, it

becomes of an urgent interest to understand the excitation

mechanisms in it thoroughly not only from a physical standpoint

but also from a practical standpoint,

§1.2. Some Problems as to the Excitation Mechanisms in the
Positive Column He-Cd™ Laser

In the early stage of the studies on the positive column
He-Cad” laser, it has been observed that the CA(II) 4416 or
3250 i laser output power shows a behavior similar to that of
the CA(II) 4416 or BZBO,K sidelight intensity,5’21) which is
proportional to the population density of the laser upper state,
It has been concluded from this experimental result that the
population densities of the laser lower states are negligibly
small compared with those of the laser upper states, Since then,

in the study of the positive column He-Ca* laser, the saturations

\

of the laser output powers have been interpreted as the saturations

of the population densities of the laser upper states, and
only the excitation mechanisms to the laser upper states have
been studied by many investigators.21—26)
It seems rather difficult, however, to interpret the
discharge current or He pressure dependence of the laser output

powers bty taking only the population densities of the laser



upper states into account, In the He pressure dependence. of tke
laser output powers, for instance, the optimum He pressure

for the CA(II) 4416 Z laser output power is somewhat different
from the He pressure where the CA(II) 4416 A sidelight intensity
has a maximum, This may show that the contribution of the
population density of the laser lower state is not negligible.,
There has been reported only one data concerning the population
densities of the laser lower states under the optimum condition
for the laser action.27) They are insufficient to estimate

the influence of the population densities of the laser lower
states on the laser output powers, lioreover, as they were obtained
with the absolute line-intensity measurements using the standard
lamp and with the laser gain measurements, the errors in the
experimental results may be large., Therefore, it has not been
made clear whether the population densities of the laser lower
states have the significant influence on the laser output powers
or not,

The interest as to the excitation mechanisms in the
positive column He-cat laser discharge so far is mostly directed
to the excitation processes to the upper states of the Cd(II)
4416 and 3250 4 laser lines, Silfvast has proposed that the
Penning excitation process between He atoms in the He(I) meta-
stable states and Cd atoms in the ground state, as described in
eq.(1.1), is the dominant excitation process to the laser upper

states.s)

He(2°S or 2'S) + Cd » He + (ca*)” + e + K.E., (1.1)

where (Cd™)™ is the CdA(II) excited states, e is the ejected



electron, and K.E. is the kinetic energy. Later, the collision

cross sections of the Penning excitation process have been

measured with the after-glow technique, and it has been found

that they are very large ( 10-19~ 10714 o2 ).28-31)

In the next step, tne population densities of the He(I)
metastable states in tae positive column He-Cd" laser discharge

23,24)

have been determined with the absorption method and with

~

3\
the Hook metnod.-°’ The Cd atom density dependence of the

population density of the upper state of the Cd(IL) 4416 or 3250

4 laser line could de explained fairly well with the measured
population densities of the He(I) metastable states by assumiig
only the Penning excitation process. However, a considerable
discrepancy was found between the discharge current dependences
of the population densities of the He(I) metastable states

and those of the laser upper states. The population densities

of the He(I) metastable states are saturated in the low discharge

current region, while those of the laser upper states are

saturated in the much higher discharge current region,

Cn the other hand, the calculated population density of
the He(I) 225 state increased linearly up to a discharge current
around 100 mA.Bz’BB) Therefore, a complete discrepancy was found
between the measured population density of the He(I) 2%s state
and the calculated one,

These discrepancies may come from defects in the measurement
and calculations, or may be caused by neglecting excitation

processes other than the Penning excitation process.,



from the experimental results mentioned above, lMiyazaki
et al., have supposed that the He atoms in the He(I) 2%P anad
2P states also come into the Penning collisions with Cd atoms
in the ground state, and proposed to take the sum of the
population densities N_ of the He(I) first excited states

! e ).26) But the discharge current dependence

( 273, 2's, 2%, 2
of Nm was still insufficient to explain those of the population
densities of the laser upper states.

In order to make clear whether the Penning excitation
process is the dominant excitation process to the laser upper
states or not, it is necessary to carry out accurate measurements
as to the population densities of the He(I) metastable states,
and to give theoretical interpretations for the dependences of
them on various experimental parameters, Especially, the
discharge current dependences of them have to be made clear
theoretically, because a complete discrepancy exists between
the experimental and theoretical results at present as mentioned
above,

On the other hand, Janossy et al, have proposed that the
collisions between electrons and Cd™ ions in the ground state
have to be taken into account as well as the Penning collisions
in the high discharge current region.34) They supposed that
the Cd(II) ground state was excited most dominantly by the
Penning excitation process. The population densities of the
Ca(II) ground state and the He(I) 233 state were calculated
with rate equations, and it was derived that the population
density of the Cd(II) ground state as well as that of the He(I)

238 state was saturated in the low discharge current region,



This contradicts the discharge current dependences of the ion
densities obtained with the double probe measurement.BS)
To make clear whether the stepwise excitation process
from the Cd(II) ground state is the dominant excitation process
to the laser upper states or not, we must measure the population
density of the Cd(II) ground state accurately. However, there
is no reliable method to determine it at present.

In the calculation of excitation rates to the He(I), Cd(I),
or Cd(II) excited states by stepwise}or direct excitation process,
the electron energy distribution function as well as the electron

density must be known. Assuming the Maxwellian electron energy

distribution, the electron temperature and density in various

positive column He-metal discharges have been measured with the
double probe method.36-38) But it seems difficult to explain

the dependences of the measured population densities of the He(I)
or Cd(I) excited states on various experimental parameters by
using the Maxwellian electron energy distribution function.
Actually, it has been observed that the electron energy distri-
bution in a discharge at medium pressures is far from the Maxwellian
one.39_41) It has also been assured from the theoretical calcula-
tions based on the Boltzmann equation.42_45) The reliabilities

of the measured or calculated electron energy distribution
function have, however, not been verified yet. We have to examine

the electron energy distribution more quantitatively.



§1.3. Purpose and Composition of the Dissertation

Since the positive column He-Cd' laser is the most valuable
commercial type He-metal laser at present, investigations of
the excitation mechanisms of it are significant from the not
only physical but also practical points of view, However, sevaral
problems as to the excitation mechanisms in the positive column
He-Cd' laser still remain unresolved as mentioned in the preceding
section,

The purpose of this dissertation is to resolve those
problems' and to make the excitation mechanisms of the laser upper
and lower states in the positive column He-Cd* laser clear, and
then to interpret the characteristics of the laser output power
quantitatively. Although the laser oscillation is attained at
the CA(II) 4416 A and 3250 & lines, the excitation mechanisms of
the CA(II) 4416 K laser is discussed mainly in this dissertation
because it can be considered that the excitation mechanism of
the CA(II) 3250 A laser is the same as that of the CA(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 method" is developed, with which the
absorption coefficients can be measured accurately even in the
ultraviolet region. (2) With the modified absorption method,
the population densities of the CA(II) and Cd(I) ground state
are measured, and also those of various excited states except
for the laser lower state. (3) The electron energy distribution

function in the discharges used for the He-metal lasers is

calculated with using the Boltzmann equation, and the reliability



of it is examined. {4, The population density of the lower state
of the C3{II, 441¢ i line is measured under the various conditions
for the laser action by combiring the modified absorption method
with the laser gain measurement, and the contribution of it to

‘the laser power is estimated. (5) Theoretical explanations are

[$7]

given for the dependences on various experimental parameters,
particularly on the discharge current, of the population den-
sities of the le(I) metastable states. (6) Finally, the excitation
mechanisms in the positive column He-Cd" laser are discussed
quantitatively with using the results (1) to (5).

This dissertation is composed as follows. In Chapter 2,
we describe the prirciple of the modified absorption method and
the results on the population density of the Cd(II) ground state.
In Chapter 3, we describe & method to determine the population
densities of highly excited states with the modified absorption
method. In Chapter 4, it is shown that the electron density in
the He-metal discharge at medium pressures can be determined
with the modified double probe method even though the electron
energy distribution in it is non-Maxwellian. The measured
electron density is presented. In Chapter 5, we describe the
results on the He' and Cd% ion densities separated by combining
the modified absorption method with the modified double probe
method. The ionization mechanisms are also discussed. In Chapter 6,
the population densities of the He(I) excited states measured
under the various experimental conditions are presented, and the
saturation mechanisms of the population densities of the He(I)
metastable states are discussed in detail. In Chapter 7, we

describe the results on the population densities of the upper



and lower states of the CA(II) 4416 2 line. In Chapter 8, the
excitation mechanisms to the upper and lower states of the

Ca(II) 4416 . line are discussed with using rate equations and

the results presented in Chapters 3 to 7.

10
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Chapter 2, liodified Absorption Method1)

$2.1. Introduction

In order to calculate collisional rates of various excitation
processes to the laser states in the positive column ( PC )
Ze-Cd" 1laser discharge, it is indispensable to measure exactly tuae
“e' and Ca" ion densities and the population densities of the
various excited states of He(I), Cd(I), and Cd(II) which relate
to the laser states. The population densities of the He(I)

metastable states, the Cd(I) ground state, the low lying Cd(I)

excited states, and the upper state of the Cd(II) 3250 & 1line

have been determined experimentally with spectroscopic methods.z’B)
On the other hand, there are no reliable experimental data

on the ion densities at present. Silfvast 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 discharges, one of which is the plasma to be
investigated and the other acts as a light source.B) In the
case of the lie-metal gas mixture discharges, however, it is
difficult technically to realize an equal metal vapor pressure
in the two discharge tubes, Therefore, the results obtained
with this method may contain large uncertainties, Moreover,

the inner diameter of the discharge tube used in ref.4 was very
large ( 10 mm ) in comparison with those used for the He-metal
lasers, and the control of the Cd atom density was probably

not good., The measured results in ref.4, therefore, cannot be
used in the quantitative study of the PC He-Cd% laser,

Although the ion densities were obtained from the double



17
probe measurement in ref.6, they contain large uncertainties
because the mobility of Ccd* ions is not known exactly. Therefore,
we must develop a new metnod to determine the ion densities
as well as the population densities of the He(I) metastable
states,

An absorption metnod has been developed as one convenient
" method to determine population densities of various excited

states in gas discharges.5’7’8>

The principle of it has

been summarized in ref,7. There are three measuring methods
according to what type of light source is used. (1) The
Ladenburg-Reiche metnod which was used by Silfvast in ref.4,

As mentioned above, however, this method is not suitable for
the measurements in the He-metal discharges, (2) A method using
a completely different light source from the plasma to be
investigated.g) This needs additional equipment and information
about the spectra of the light source. (3) A self-absorption

10) in which one discharge tube and

method developed by Harrison
a reflective mirror are used., The discharge itself is a light
source and at the same time, is the plasma to be investigated,
Browne and Dunn used this method to determine population densi-
ties of several excited states in the PC He-Cd' laser discharge.Z)
Although this method is simple and good, it is necessary to
estimate a reflectivity of the mirror and a transmissivity of

a window of the tube exactly. The estimation of them is very
difficult. lMoreover, the reflectivity or the transmissivity

may change in the course of the experiment.

By modifying a conventional type of discharge tube, a

simple absorption method has been developed, with which we



can obtain exact absorption coefficients of visible and
ultraviolet lines in a cataphoresis type of discharge without

1)

any mirror or different light source.

$2.2. Principle of the Method

Figure 2-1 shows the diagram of the actual discharge
tube and other experimental arrangement of the modified absorp-
tion method., The principle of the method is as follows., The
discharge tube has one anode A and two identical cathodes X1
and K2, First the discharge is obtained between A and K1.
From the schematic diagram of the optical arrangement shown
in Fig.2-2, the light intensity IA-K1 from the plasma I of £ in
length, which reaches a monochoromator through two identical
apertures AP1 and AP2 of d in diameter, is given by eq.(2.1)

when the plasma is spacially uniform and d« a, b, and £.10)

Iix1 = C‘——g- q J//dv J/;x fCY)exp{-k f(v)x}

2.2
c &8 Fq /dY (1 - exp{-k, )2}, (2.1)
0

Here, C' and C are constants relating to the ratio of the emission
and absorption coefficients, and C' = kOC. © is the half angle
subtended at the center of AP2 by AP1, Fq is the transmissivity

of the window, f(y) is a function giving the line profile, and

ko is the difference of the absorption coefficient and the

induced emission coefficient at a certain frequency within
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the line profile, Next, the discharge is switched from A-K1
to A-K2. The light intensity from the plasma I + II of 2£ in
length, I, ,,, is obtained by replacing exp{—kof(y)l} by
exp{-ZkOf(V)£} in eq.(2.1) merely. Therefore, we obtain that

G(kol) = -1

Thx2/Tp-x1

/o [1- exp {-kof(‘/’)l)]-exp{-kof(y')ﬁjdy'
i . (2.2)

J/f1- exp{-kof(¢)£}]dv’

In deriving eq.(2.2), the multiple reflection on the tube wall
has been neglected because it is negligibly small in our optical
system, Note that the transmissivity Fq of the window never
appears in eq,(2.2). Generally, f(V) is a profile composed

of several hyperfine splitting and isotope shift components. It
is extremely important to know accurate f(¥) in order to get
exact population densities, From eg.(2.2), we can calculate
G(ky¢) as a function of koﬁ. It can be seen that G(kol) is a
single valued function of kol , and that G(koﬁ) decreases as

koﬂ increases, Figure 2-3 shows G(kOQ) as a function of koﬂ.
in the case of the single Dopplei broadened profile fD(V), which
is so normalized at the line center ), that fD(Lb) = 1,

On the other hand, it has been shown that7)

00
8ng1kol £(»)ay’
g (2.3)

(4

g1N2)

N (1 = =—=) =
! g2N1 )‘gngﬁ
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Fig.2-3. G(kol) as a function of kol in the case of the single

Doppler broadened profile.
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Here, the subscripts 1 and 2 denote the lower and upper states
of the optical transition, respectively, N is the population
density, g is the statistical weight, %O is the wavelength, and
A is the transition probability.
By measuring the ratio IA-K2/IA—K1 of the endlight
intensities, we obtain kol from the functional dependence of

G(kol) on kOL in eq.(2.2). Provided that g,N,/g,N, can be

neglected compared with unity ( in most cases g1N2/g2N1S,O.02 )

N, can be determined from eq.(2.3) with koﬂ obtained above,

1

$2.3. Experimental Setup

A discharge tube of 3.5 mm inner diameter ( I.D. ) was used
mainly in this experiment, but also a tube of 3 mm I.D. was used.
The length of the plasma I was 5 cm in the tube of 3.5 mm I.D.,
and it was 3 cm in the tube of 3 mm I.D.. The diameters of the
apertures AP1 and AP2 were both 0.4 mm., Since a = 30 cm and
b = 10 cm, only the light emitted from the region of about
0.9 mm in diameter of the plasma column could enter into the
entrance slit of the monochoromator, The change of the popu-
lation density within that region is 1less than 10 % assuming
that the radial distribution of it is given by the Bessel
function of the zeroth order,

The capillary part of the tube was put in an oven of
600 X and the tube was connected to a flask of large volume at
room temperature to keep constant the He atom density No in
the capillary part irrespective of the discharge current., Thnen

N~ is given by

0
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Ny = 1.78 x 10'%p, e, (2.4)
where Pg is the initial He pressure in Torr at room temperature.
The Cd source was heated by a separate oven and the temperature
was controlled within i1°C-

In this method, the switching from A-K1 to A-K2 of the
discharge could be done with keeping constant the temperature
of the Cd source, that is, the Cd vapor pressure. At one and
a half minutes after switching at the longest, the discharge
condition attained was completely the same as before switching.
This could be easily observed from the relative change of the
intensities of spectral lines of the He(I), Cd(I), and Cd(II),
which were measured from the side of the discharge tube with a
monochromator and a photomultiplier tube. We call the intensity
of a spectral line measured from the side of the discharge tube
"sidelight intensity" for convenience in this dissertation.
When the discharge A-K2 was obtained, the leakage of Cd vapor
to the branch K1 was very slight., It was checked with the Cd(II)
4416 X sidelight and also endlight intensities at the optimum
condition for the laser action, which had a low gain for the
5 cm or 3 cm plasma, Then it was concluded that the lights
emitted from the plasmas I and II were equal in intensity,

line profile, and frequency.

§2.4. Application to the Determination of the Population Density
of the Cd(II) Ground State
This method was applied to the PC He-Cd' laser discharge,
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and the population density of the Cd(II) ground state, the

Cd(II) 532S1/2 state, in the PC He-Cd" laser discharge has

been determined directly from the measurement of the absorption
coefficient of the CA(II) 2265 % 1line and also from that of

the Cd(II) 2144 ) line, Those lines are shown in Fig.2-4 together
with other CA(II) 1lines.

In the case of the spectral lines of Cd of natural isotopic
abundance, which consists of six even isotopes and two odd
isotopes, the line profile is complicated due to the isotope
shifts and hyperfine splittings. Assuming that 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(¥) was calculated. The ion temperature of
the Cd(II) line was assumed to be about 1000 K from the data
in refs.,11 and 12, For the sake of convenience, the profile
f(¥) of each Cd(II) or Cd(I) line is so normalized that
fCV112) = 1 in this dissertation, where V112 is the center frequenc

12 component,

of the isotope Cd

 Figure 2-5(a) shows the line profile f£(y) of the Cd(II)
2065 A line, and Fig.2-5(b) shows G(ky{) as a function of kL.
Those for the CA(II) 2144 X line are shovwn in Figs.2-6(a) and
2-6(b). The data concerning the isotope shifts and hyperfine
splittings for the two lines were obtained from ref.13. The
transition probabilities were quoted from ref,14.

The population density of the Cd(II) ground state determined
]
with the Cd(I) 2265 and also 2144 A line is shown in Fig.2-7
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as a function of the Cd atom density together with the Cd4(II)
4416 K sidelight intensity. The discharge current was 100 mi
and the initial He pressure was 3.5 Torr, which were close

to the optimum condition for the laser action. The actual He
atom denSity in the capillary part was about 6.2 x 1016 cm'3

in the present experimental system. The Cd atom density shown

[+
in a horizontal axis was determined with the Cd(I) 3261 A line.

Figures 2-8(a) and 2-8(b) show the line profile and G(koﬂ) of
the CA(I) 3261 X line, respectively.

§$2.5. Reliability of the Method

The present method is superior to the self-absorption
method ( SAM ) in three points: (1) The measurable guantity
Ipxo/Ts g1 =1 in eq.(2.2) is connected directly with G(kyL)
in the present method while it is given by FFq2G(kol) in SAM,
where F is the reflectivity of the mirror. As no information
about F or Fq is needed, accurate measurement of the absorption
coefficient can be made even in the ultraviolet region, and
even if the contamination on the window increases. (2) It has
been reported that the ion drift velocity is rather large in
the He-metal discharge.15) Doppler shifts due to it cause no
difference of the frequencies between the line profile of the
lights IA—K1 and IA-KZ’ because both of_them propagate from the
plasmas to the monochoramator in the same direction, while
in SAlM, the two profiles shift in frequency oppositely.

(3) The alignment of the optical system is easier than that
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in SAM, because only one discharge tube is used in the present
method while the discharge tube and the mirror are used in Sa..
As shown in Fig.2-7, the agreement of the two results
obtained with the Cd(II) 2265 and 2144 i lines is guite well.
Moreover, the Cd atom density measured witn the Cd(I) 3261 i
line coincided with tne value obtained from the temperature
of the Cd source and a diffusion equation quite well, These
facts show that the present method is very reliable and useful,
particularly at the absorption measurements in the ultraviolet
region, The errors of the absorption coefficients and relative
population densities are small 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 determine tkhe population densities of various excited states,
In this method, although we need not know the line profiles,
it is not possible to obtain’the population density of the
Cd(II) ground state in the laser action region as long as an
extremely long tube is not used. Moreover, the alignment of the

optical system is rather difficult, and the spacial resolving

power is not good.

§2.6. Conclsion

A method was described with which we could easily obtain
exact absorption coefficients not only of visible lines but
also of ultraviolet lines to determine population densities

of various excited states in a cataphoresis type of positive



column gas discharges. The favorable points of tne modified
absorption metnod are that only one discharge tube is used,

that a mirror is not necessary, and that we need not know the
transmissivity of the window. These enable us to obtlain very
reliable results even in the ultraviolet region. This method aas
been applied to the PC He-Cd™ laser discharge, and it has been
confirmed that the method gives an accurate value of the popula-
tion density of the Cd(II) ground state.

In the visible region, naturally, the modified absorption
method gives more reliable results than SAM, Therefore, we can
determine the population densities of the He(I) first excited
states ( 233, 215, 23}, 21P ) and those of the low lying Cd(I)
excited states with this method accurately.

The modified absorption method will be used to determine

various parameters of the PC He-Cd" laser discharge in the

following chapters.
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Chapter 3. Determination iethod of Population Densities of

Hignly wxcited States

53.1. Introduction

In the guentitative study of the ¥C He-Cd' laser, it is
necessary to determine the population densities of the laser
upper and lower states and those of excited states of He(I),
Cd(I), and Cd(II) relating to the laser states. The population
densities of tne He(I) first excited states or those of the Cd(I)
and Cd(II) ground states can be determined with the modified
absorption method described in the preceding chapter, However,
it is difficult to measure the population densities of the
laser upper states or those of highly excited states of He(I),
Cd(I), and Cd(II) directly with this method, because the absorp-
tion coefficients of the optical transitions terminating in
those states are very small and the fractions of the light
intensities absorbed in the short discharge length £ are hardly
detected,

In principle, the population densities of excited states,
from wnich optical transitions to lower states are allowed,
can be determined by measuring the absolute intensities of the
spontaneous emissions when the transition probabilities are
known., To this end, the absolute sensitivity of the optical
detection system must be calibrated. One of the most simple
methods of the calibration is to use the standard lamp such as
the tungsten-iodine 1amp.1) This method pf calibration, however,
has the following three problems;(1) The tungsten-iodine lamp

has the continuous spectra while the spontaneous emissions



from the PC He-metal discharges have line spectra,
(2) The geometrical snape of the tungsten-iodine lamp is different
from that of tne discunarge tube. (3) It is difficult to estimate
the solid angle subtended at tiie light source by the monochoro-
mator.

In this chapter, the population densities of the nighly
excited states of He(I), Cd(I), and CA(Il1) are determined by
combining the modified absorption method with the sidelight

intensity measurements,

§3.2. Principle of the Method

The energy level diagram of Cd(I) is shown in Fig.,3-1,
We consider nere a pair of the optical transitions; the Cd(I)
4800 A ( 6875, - 5p°F, ) and 3261 £ ( 5p°P, - 5s°'Sy ) lines.
The population densities of the upper and lower states of the

e]
Cd(I) 4800 4 1line, W, and N,, respectively, are related to the

[+
absorption coefficient of the Cd(I) 4800 A line by

o0
- erg. k IJ/;(%)dV’
v, -2 T (3.1)
1 < - 2 . .
e N318o8014

Here, A,, is the wavelength ( 4800 A )y Ay, is the transition
probability, and other symbols are the same as those used in
eq.(2.3). The line profile f(V) and the function G(kye) for
the Cd(I) 4800 4 line are shown in Figs.3-2(a) and 3-2(b),
respectively, By measuring koﬁ with the modified absorption

method, we can obtain N1—(g1/g2)N2 from eq.(3.1).
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Energy level diagram of Cd(I).
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On the other hand, the absolute intensities of the
o o
spontaneous emissions of the Cd(I) 3261 A and 4800 A lines per

unit volume, 11 and 12, respectively, are given by

-
!

PE AL ghe/ N g | (3.2)
and '

2 N,

—
]

Ay he/X, 4, (3.3)
where A1O and AWO are the transition probability and the wave-
length of the CA4(I) 3261 X 1iné, respectively, c¢ is the light
velocity, and h is the Planck constant. % is a factor relating
to the imprisonment of the Cd(I) 3261 X line, which can be
calculated from the population density of the Cd(I) ground

state.4_6)

Actually, N1 and Nz have radial distributions., It may be
assumed, however, that the radial distributions of N; and N,
do not differ considerably from each other, and the ratio
of the Cd(I) 3261 and 4800 X sidelight intensities is nearly
equal to I1/12. This means that the ratio N1/N2 can be determined
by measuring the Cd(I) 3261 and 4800 K sidelight intensities
with the optical detection system whose relative energy sensi-
tivity as a function of the wavelength is known. Then N,
can be obtained by combining eq.(3.1j with the ratio. The
absolute intensity of the spontaneous emission I, is determined
from eq.(3.2).

Once 11 is determined, the absolute intensity I of any
spontaneous emission per unit 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 that the radial distribution

of each spontaneous emission is the same, The population

density of the upper state of each spectral line can be determined
by knowing the transition probability.

In determining the absolute intensity of the Cd(I) 3261 X
line, the trapping coefficient 7 in eq.(3.2) must be evaluated,
Assuming that the optical depth koR is small compared with
unity, where R is the tube radius, we see that the radial
distribution of the population density N,(xr) of the upper state
of the CA(I) 3261 2 1line is scarcely affected by the effect
of the imprisonment of the radiation. Therefore, it may be
assumed that N,(r) is given by N,(r) = N1Jo(rﬁﬂ), where Jo(x)
is the Bessel function of the zeroth order and A= R/2.41. Assuming
that the population density of the Cd(I) ground state is uniform
over the discharge tube, the trapping coefficient 7 is calculated

in a2 manner similar to that in ref.,4, and it is given by

(%)
7=1 - {/° ;7(:2 o: G, Fon/RZT(R/A)} KR, (3.4)
M=
where 00 o N
%= /f?(y’)dv' / /f1(y") av’,
4 0
R R
G - a qp! pomt+] y 2m
om = N\ r Jar' = 3,(x/N) /2T, (3.5)
0 T
and
v
Fom = (ZX)-l//PZm(cosG)dG,

0 7/
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In egs.(3.4) and (3.5), ky is the absorption coefficient of tae
Cd(I) 3261 i line at the center.frequency of the isotope Cd 12
component, fT(v)is the line profile, and Pn(x) is the Legendre
polynomial of the n-th order. Figure 3-3 shows 7 as a function

of k.R.

0
$3,3. Experimental and Results

The experiments were carried out with two discharge tubes
made of guartz which had the structures similar to those used
in the preceding chapter, The sidelight intensities were measured
with thevtype 139 Hitachi UV-VIS spectrophotometer ( Hitachi Ltd.)
and the R-106 photomultiplier tube ( Hamamatsu TV Ltd, ). The
relative energy sensitivity G(A) of the optical detection system
was calibrated as a function of the wavelength N with an
Optronic Laboratories model 220 A standard lamp., It is shown
in Fig.3-4.

At a low Cd atom density, where the trapping coefficient 7
of the Cd(I) 3261 X line is nearly equal to 1, the population
density Ny of the upper state and the sidelight intensity I,
of the C4A(I) 3261 X line were measured in a manner described
above, The measurements were repeated about 30~ 60 times, and
the average values of N1 and I1 were calculated, Using the
measured sidelight intensity I, of a spectral line ( wavelength
A, transition probability A, ), the population density N, of
the upper state was calculated from
G(Xp) LA

. . 10
Ny =N . (3.6)
r .
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These measurements were carried out under various experimental
conditions. The measured results in the discharge tube of 3.5

mm I.D, are summarized in Tables 3-1 and 3-2. The spectral lines
of the He(I) used in the measurements are shown in Fig,3=5
together with other He(I) lines. In determining the population
density of each excited state, the trapping coefficient was
calculated in a manner similar to that in eq.(3.4) assuming

that the radial distributions of the population densities of

the upper and lower states were of the Bessel function of zero

order,

The population density of the upper state of the CA(II)
4416 1 line determined with the method will be used in Chapter 7
to obtain the population density of the lower state of the Cd(II)
4416 A line, and in Chapter 8 to discuss the excitation
mechanism quantitatively.

A more detailed discussion about the reliabilities of the
measured results will be given in Chapter 6 by comparing them

with the theoretical results calculated from the rate equations,
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Table 3-1, Population densities of He(I) excited states
in the pure He discharge; 3.5 mm I.D., discharge

current of 100 mA, initial He pressure of 3.5 Torr.

State Wave- . Trapping N (cm_3)
length (A) | Coefficient

He(1) 3'p 5016 0.93 3,710
41p 3965 0.98 3,19
39p 3889 0.91 7.910
43p 3188 0.95 4.7°
4'p 4922 0.96 7.49
51D 4388 0.99 1.4°
39D 5876 0.51 1,71
4°D 4472 0.87 1,810
57D 4026 0.96 4.09
62D 3820 0.98 1,29
4's 5048 1.00 3,57
4%s 4713 0.99 7.47
575 4121 1.00 1 1.6°
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Table 3-2. Fopulation densities of excited states of He(I)
0l Iy, and CA(II) in the iHe-Cd discharge;
3,5 nm 1.D., discharge current of 100 ma, initial
e pressure of 3.5 Torr, Cd atom density of
1.5 x 1017 cm_B.
State Wave- . Trapping N (cm'B)
length (A) Coefficient
He(I) 3P 5016 0.96 1,510
39p 3889 0.94 2,70
39D 5876 0.68 6,419
41 4922 0.98 3,17
473 471% 1.00 3,07
Ca(I) s5pdp 3261 0.94 6.7
6575 4800 0.87 1,410
ca(m) 5s°°D 4416 1.00 7.710
55°°D 3250 1,00 95.67
4f2F5/2 53357 1.00 9.67
4£°7 5578 1.00 1,78
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Chapter 4. Determination of the Electron Density in a PC he-Cd
Discnarge taving tae Non-ilaxwellian Dlectron Znergy

Distribution

§4.1. Introductidn

The electron density in the PC He-Cd" laser discharge
is necessary to calculate electronic collisional rates, The
electron density in PC He-metal discharges have been measured
with the double probe method1—3) because of its simplicity and
good spacial resolving power. In the method, one had to use
ambiguous values of the mobilities of ions in gas mixtures, and
the uncertainties of the results were large. Moreover, the
knowledge about the electron energy distribution function ( EDr )
is needed,

If EDF is Maxwellian in a pure He discharge at a medium
pressure, the electron density in it can be determined from
Dote’s formula with the conventional double probe method.4)
In a lie-metal discharge, lMizeraczyk proposed the modified double
probe method5) in which one need not use ambiguous values of
the mobilities of ions in a two-component gas discharge. EDF was
assumed to be l[axwellian in this case also,

It nas been pointed out from the experimental results
and also from the theoretical analyses that EDF is non-Maxwellian
in some discharges at medium pressures which are used in PC

©-12) The situation is the same also in the

ne-metal lasers,
pure lie discharges at medium pressures, In the discharge,
high energy electrons which can excite atoms to excited states

are significantly few in comparison with those in the case of



the Maxwellian D7 of tne same average energy. Thnerefore, it
is questionaple waether the electron density determinea with
the conventional or modified double probe method is correct or
not in some !ie and e-metal discharges.

In this chepter, it is shown that the electron density in
the ©PC Le-Cd" laser discharge, where ZDI is non-liaxwellian,
can be determined conveniently with the same modified double
probe metinod as used in the case of the lMaxwellian EDF.13)

This method can be applied to other PC He-metal laser discharges

at medium pressures generally.

§4.2, Fundamental Considerations
4.2.1, Principle of the modified double probe method
The principle of the modified double probe method proposed
by Nizeraczka) is illustrated in Fig.4-1, Two pairs of probes
1 and 2 are placed as shown in Fig.4-1, Because of the catapho=-
resis effect, the He-metal discharge is confined in the region
between the metal source and the cathode, and the pure He

discharge is obtained in the region between the metal source

and the anode. A calculation shows that the addition of the low
pressure metal vapor (,5,10'3 Torr ) to the discharge region

has 1little effect on the mobility of electrons.5> The following
equation is obtained from the continuity of the discharge current
by assuming that the radial distributions of the electron den-

sities are the same in the two discharge regions,

e e
= ny By /E (4.1)

DHe-metal He He-metal!?
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where n® and T are the electron density and the electric field

strength, respectively. The subscripts in eq.(4.1) denote the
. - <s . - e

pure e and re-metal discharge regions, Here, O g and E. . are

determired with the double prove 1,and E is measured

He-metal
with the double probe 2., If nge is obtained, we can determine
nge-metal whatever EDF in the He-metal discharge is, because

Eye and Eie-metay Can be measured directly and accurately
regardless of EDF, Therefore, we must know how nge can be deter-

mined with the double probe method in the case of the non-Maxwelli

EDF.

4.,2.2, Electron density and characteristic energy of electrons

in the pure lie discharge
To obtain the electron density in the pure He discharge,

4)

our group has used Dote’s formula before, It has been assumed

in the formula that EDF is Maxwellian, and therefore, the
Einstein relation applies both to electrons and to ions, However,

it khas been reported from the theoretical calculations that

)
v

E in the pure e discharge is far from the lMaxwellian EDF
in the region E/p>?2 V/cmTorr.10’11)In our present discharge,
as E/p is larger than 5 V/cmTorr, we must regard EDF as non-

Maxwellian and introduce the characteristic energies,1o’14)

(4.2)

i
™

De/}le - Tke’
and

(4.3)

|
™

Di/ps = Cpyo
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where D and B are the diffusion coefficient and mobility of
electrons ( subscript e ) or ions ( subscript i ), respectively.

Then the electron and ion current densities, J_ and Ji, respec-

e
tively, are given by

Je = Deevne + enePeE
= Deevne - (Deene/ﬁke)vv, (4.4)
and
Ji = -Dievni + eniPiE
= —Dievni - (Dieni/fki)vv, (4.5)
where n® and ni are the electron and ion densities, respectively,

V is the electric potential, E is the electric field strength,
-e 1is the charge of the electron.

Solving eqs.(4.4) and (4.5) simultaneously in the same
manner as ref,4 for a cylindrical probe of Rp in radius and /£
in length under the condition that the plasma is guasi-neutral,

we obtain that

i.
ne = 1 . 1 —. pO . l’ln( ﬁ ), (4.6)
2 (1 +&) ef . pyp R 4,
wnere
€' =&,/ €pes (4.7)

and Po is the gas pressure in Torr, ii is the probe current
per unit length in A/cm, and Fio is the mobility of Het ions
at 1 Torr in cmZ/Vsec. €"is the ratio of the characteristic

energy of ions to that of electrons, and usually E«,
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quo is the singular point of the yuasi-neutral solution, and

4q is determined in & manner similar to that in ref,4. Here,

£

is given oy
e given Uy

t

6Ke - De/Pe

/ﬁ%—’idx/{/mdx , (4.8)

where, x is tne energy in eV, Jxf(x) is EDF, and ..(x) is the
At

momentum transfer cross section for electrons in ile., This EDF
can be calculated from the Boltzmann transport equation given

9,11,12) which includes the following

by the following equation,
processes for electrons; (1) the elastic collisions with He
atoms in the neutral ground state, (2) the inelastic collisions
exciting He atoms from the neutral ground state to the first

excited states, (3) the direct ionizations of He atoms from the

neutral ground state, (4) the Coulomb collisions between electrons,

(5) the stepwise ionizations of He atoms from the He(I) first

excited states:
(.2 . . ~ 2, df(u
2EHeu/3quM(u) + (2ka/eh)NOQM(u)u }'—E%—l

(2m/12) %, (W ut(u)

+
Ul 4 Ut Uy
+ 1 ZE: X (x)f(x)dx + 2 1 N, XQh(X)f(X)dx
0 =z 08 n=1 5
u u

+ Ym2/2€2-[;8(u)f(u) + 2u/3‘{ 2(u) + J 1(u)3_§LEll

= 0, (4.9)



Here, u is the electron energy in eV, and

- O

:/"v")—{f( xydx = 1,

“0
- 2y, \ 2 \
U = 4nle”/4mc m) (lnA)nge,

u

C/ \

Ioku) = xf(x)dx,
0
u

5]
n
~~
o
N
|
~—
N
N
~
n
Hh
Py
o]
g
o
b
[
~
c
-

32w = W[ 5(x)ax, (4.10)

In egs.(4.9) and (4.10), Ny and N, are the population density of
the He(I) ground state and those of the He(I) first excited
states, respectively. The latter were determined experimentally
with the modified absorption method described in Chapter 2.15)
Usg and qog(u) are the threshold energy and the cross section
for inelastic collisions exciting He atoms from the neutral
ground state to the g-th excited states, respectively. Uy, and
Qh(u) are those for the stepwise ionizations of HLe atoms from

the He(I) first excited states, E is the electric field

He
strength, which is determined with the double probe, T is the
gas temperature ( = 600 K ), k is the Boltzmann constant,
nge, m, and -e are the density, mass, and charge of the electron,
respectively. ¥ is the mass of the He atom, and lnA is the
Coulomb logarithm.

The fifth term in eq.(4.9) which came from the stepwise

ionizations of ile atoms, was estimated here for the first time

under the actual discharge condition with the use of the measured
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population densities of the He(I) first excited states., The
effect of the Coulomb collision term on EDF was estimated by
solving eq.(4.9) with and without the the term, The change in
5%3 by this term was less than 1 %. Therefore, although £ke
depends on nﬁe in principle, we need not solve egs.(4.6)
and (4.9) simultaneously in calculating 6ke in the first approx-
imation,

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

Inelastic collisions of electrons with metal atoms begin to

occur in the low energy region, and even the low energy part of

EDF is influenced by those inelastic collisions. Therefore,
EDF in the He-metal discharge deviates from the Maxwellian EDF

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

4.2.3. Definition of the nominal electron temperature V,

When EDF is Maxwellian, the electron temperature can be

6)

determined with the double probe method from Dote’s formula,

kTe Z'IpO
— = R (4.11)
4(1/RO - 0.828 )

where ZZIPO is the probe current, R, is the derivative of the
probe current with respect to the probe voltage at the point

of reflection of the double probe characteristic, S is the

slope of the ion saturation current to the probe.'When EDF is
ron-laxwellian, eq.(4.11) does not give the electron temperature
any longer but should give a certain value Ve nominally. Moreover,

even if EDF is Maxwellian, it is not known whether eq.(4.11) gives



the actual electron temperature in the discharges at medium
pressures or not, where collisions of electrons with neutral
atoms cannot be neglected, we call Ve "nominal electron tempera-

ture for convenience in this chapter.

§4.3. Experimental I'rocedures

The experiments were made on the He-Cd* laser discharge,
which is the typical He-metal laser discharge. The arrangement
of them is shown schematically in Fig.4-1. The discharge tube
of 3.5 mm in diameter was used mainly, but the electron density
was measured also with the tube of 3 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 the axis
of the discharge tube, The discharge tube was connected to a
flask of large volume, and the capillary part of the tube was put
in an oven of 600 K.

The nominal electron temperature V, and the electric

field strength E in the pure He discharge region were measured

He

with the double probe 1. The electric field strength E, _.; in

the He-Cd discharge region was measured with the double probe 2.
The population densities of the He(I) first excited states,

which were necessary in calculating EDF in the pure He discharge,

were determined with the discharge tubes of 3.5 and 3 mm in
diameter using the 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 the He(I), Cd(I), and CA4(II)

sidelight intensities were measured with a monochromator and

a photomultiplier tube,
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§4.4. Results
L P

Figure 4-2 shows ZDF necessary for the calculation of the

&

- . \ He A% am
oy ond Je in tne pure He discharge
characteristic energy and average energy of electrons, 6ke

and eév' This EDF was calculated from eg.(4.9) with the values

of E and the population densities of the He(I) first excited

He
states measured with the 3,5 mm bore tube, Figure 4-3 shows
éke and &, celculated with EDF in Fig.4-2, and the nominal
electron temperature Ve measured with the double probe 1., The
discharge current was 100 mA., In the discharge current region

from 50 to 150 mA, éke’ € and Ve hardly changed, The scatter

av?
of the measured values of Ve was less than +10 % at each He
pressure, As can be seen from Fig,4-3, 6ke’ Zéév/B' and V,

are nearly equal to one another.

4,4,2. Electron density in the He-Cd discharge

If we allow for the fact that Ekez V_ in the pure He dis-

e
charge together with egs.(4.1) and (4.2), we can get a practically
useful conclusion: the electron density in the He-metal discharge
can be determined simply with the modified double probe method

by using V_ in place of Cke in eq.(4.6) even if EDF in the dis-

cnarge is non-laxwellian, Figure 4-4 shows nge—Cd determined

with Ve as a function of the Cd atom density, The Cd atom density

was determined from the absorption coefficient of the Cd(I)
3261 A line measured with the modified absorption method,
and also from the variation of the sidelight intensity of the

CA(II) 4416 & line with the Cd oven temperature.'') A more
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detailed description of the procedure is given in Chapter 5.
As shown in rig.4-4, when the discharge current and the initial
He pressure are kept constant, n§e-Cd increases monotonically

with the Cd atom density.

§4.5. Discussion

4.5.1. &g €

av? and Ve in the pure He discharge

As the reliabilities of the calculated Cke and Cg depend

v
mainly on that of EDF,it has been examined in the following

way whetner EDF shown in Fig.4-2 is close to the actual EDF or

not. The influence of EDF on the population densities should
appear in the He(I) 33P and 31P states more distinctly than

in the He(I) first excited states, because the former relate
closely to the higher energy part of EDF and the destruction
processes are not so complicated as those of the He(I) first
excited states, Therefore, we calculated those population densities
with rate equations for the non-Maxwellian EDF and the Maxwellian
ZDF of the electron temperature Ve' As the excitation processes

to the He(I) 33P and 31P states, the direct excitation from the
neutral ground state and the stepwise excitation from the He(I)

235 state were taken into account. The collision cross sections

of these processes were taken from refs,18 and 19. The radiative
cascadings from the higher lying excited states were neglected
because the contribution of the process was small., As the
destruction process of the He(I) 33? and 31P states, only the
radiative transitions from these states to lower states were

assumed, The results were compared with the relative changes of
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the meazsured sidelight intensities of the He(I) 3889 Z ( 39% .
225 ) and 5016 % ( 2't - 2's ) lines, They are shown in Fig.4-5.
The effect of the irmprisonment of the radiation on the sidelignt
intensitieszo) were very sligkht end the sidelight intensities
wvere almost proportional to the population densities of the
He(I)BBP end 3'P states in the present case,

As shown in Fig.4-5, the initial He pressure dependences
of the population densities calculated with the Maxwellian EDF
are quite different from those of the sidelight intensities,
This difference exceeds the range of the resultant error causec
bty the uncertainties involved in the rate equations and the
collision cross sections. The unified theory by Dote and
Ichikawa21) gives a lower electron temperature than V,. The
population densities calculated with thevunified theory, however,
also increase monotonically up to the initial He pressure of 9
Torr, On the contrary, the results calculated with the non-
l'axwellian EDF account for the variations of the sidelight
intensities very well. This shows that the higher energy part
of EDF can be approximated by the present non-Maxwellian EDF
in the region of the typical initial He pressures or E/NO

-16 Vem? ) used in the He-metal laser,

( 1 x 1071°¢ 2/N, %8 x 10
On the other hand, Postma calculated the mobility of electrons
in He with EDF derived from the Boltzmann transport equation
similar to eqg.(4.9), and obtained a good agreement with the
experimental results over a wide range of the redueed electric
field strength E/p.11) This means that the lower energy part

of the actual EDF in the pure He discharge also can be well

approximated by EDF calculated here. Therefore, er and éav
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calculated with the present EDF can be reliable.
As can be seen from Fig.4-3, 6ke is very close to Zéév/E

in the pure He discharge. This can be understood as follows.,

They are dominantly determined by the low energy part of EDF

(< 20 eV ), In this low energy region, the inelastic and Couloms
collision terms in eq,(4.9) can be neglected because the lowest
threshold energies of inelastic collisions which are significant
in determining EDF are very large (~ 20 eV ) compared with the
average energy of electrons, and the ionization degree is rather
low (~ 10'5 ). lMoreover, the momentum transfer cross section for
electrons in He is approximately proportional to 1/¥u for

uzs eV.22) In this case, we see from eq.(4.9) that EDF has an
energy dependence similar to the Maxwellian EDF in the low energy
region. Therefore, £ke is very close to 2£év/3.

The reason why éke is close to V_ in the pure He discharge
is not known at present because there is no probe theory based
on the non-Maxwellian EDF and the calculation of the floating
potential is rather difficult on account of collisions of
electrons with He atoms in the probe sheath.23) Whatever the
reason may be, as Ve is almost equal to 6ke in the pure He
discharge by chance, the electron density can be determined
with the conventional double probe method though EDF is
non-iaxwellien, But this cannot be always applied to other rare
gas discharges, In the Ar discharge, for instance, the energy
dependence of the momentum transfer cross section for electrons
in Ar is completely different from that in He. Inelastic
collisions of electrons with Ar atoms begin to occur at

relatively low energies, Therefore, EDF deviates from the



. ——— . . . 11)
Maxwellian EIJF in the entire energy region, /

4,5.2, Electron density in the Fe-Cd discharge

The accuracy of the electron density in the He-Cd discharge

n,e [0)
He=Cd
e

of eq.(4.1) and the accuracy of the measured electron density Nye

btained here is determined primarily by the validity

in the pure He discharge. In deriving eq.(4.1), it has been
assumed that the mobility of electrons in the He-metal discharge
is almost equal to that in the pure He discharge, For the He-Cd
discharge, the validity of this assumption was assured from a
calculation based on the Boltzmann transport equation,17) and
also from the measurement of the electron drift velocity in
ref,24, On the other hand, the accuracy of nge is determined
dominantly by the scatter of the measured values of the nominal
electron temperature Ve and the probe current ii' The values

of the mobility of He' ions in He which have been reported after
1965 agree within +2 % with one another.25) Hence, the uncer-
tainty involved in the electron density in the He-Cd discharge

is estimated to be less than +15 %.

We compare the present results with those obtained with
the microwave cavity technique in ref,.,24, The technigue need
not any knowledge about EDF in determining the electron density.
In this comparison, we must take into account ‘the following
facts; (1) our nge-Cd are values on the tube axis, while those
in ref,24 are values averaged over the radial direction,

(2) the He atom density in the capillary part of the discharge

tube is the half of the He atom density filled initially at
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room temperature in our experimental system, while in ref, 24,

it is given directly by‘the He atom density filled initially

at room temperature, If the facts mentioned above are brought
into consideration, the two results at the equal current density
and equal reduced tube radius pR agree within 20 %, This good
agreement will show that the convenient determination method

of the electron density with the modified double probe method

can be used when the reduced electric field strength E/NO in

-16 16

the pure He discharge region ranges from 1 x 10 to 8 x 10~

ch2.

§4.6. Conclusion

It has been shown that the electron density in the
He-metal discharge at medium pressures, where ZDF is
non-lMaxwellian, can be determined simply with the modified
double probe method by using the nominal electron temperature
Ve-in the pure He discharge. Although this convenient method
is useful, the meaning of the nominal electron temperature Ve
is not known at present, Therefore, we should regard this
convenient method as a temporary one.

Also it has been assured from the calculations based on
the rate equations that EDF in the pure He discharge at medium
pressures has to be treated as non-~-Maxwellian, The situation
is the same in the He-metal laser discharges. Therefore, the
calculations of rate coefficients of electronic collisions

will be made on the basis of the non-Maxwellian EDF hereafter.



The electron density determined here will be used in
Chapter 5 to obtain the He™ ion density, and in Chapters 6-8
to calculate the population densities of the He(I), C4d(I), and

Cd(II) excited states in the PC He-Cd™ laser discharge.
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Chapter 5. Separate Determination of He® and Cd™ Ion Densities

§5.1, Introduction
The excitation mecnanisms or saturation pnenomensa in the
EC He-Cd" laser have been investigated with the spectroscopic

2-4)

methods, %) with tne double probe method,??®) and with the

after-glow methods.7’8)

It has been pointed out that the
dominant excitation process to the laser upper state is the
Penning collision process between He atoms in the metastable
states and Cd atoms in the ground state. But other excitation
processes to the laser states, such as the excitation process
by collisions between electrons and Cd™ ions in the ground state,
or the thermal energy charge transfer collisions between He*
ions in the ground state and Cd atoms 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 those
processes to the laser states,

Ivanov and Sém proposed a method to separate ion densities
in a PC He~Cd discharge from the double probe and microwave
measurements by using the mobilities of He' and cd” ions.?)
lizeraczyk et al., obtained the ion densities in the PC He-Cd"
laser discharge in the similar way.1o) But the results contain
a gquite large uncertainty, because there are no reliable data
corncerning the dependences of the mobilities of He' and cd”*
ions on the Cd partial pressure, temperature, or electric field
strength in the He-Cd discharge. Therefore, they cannot be
used in the guantitative study of the PC He-Cd¥ laser discharge.

11)

In Chapter 2, the modified absorption method was
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descritec, witi which absorption coefficients not only of

visible lines tut also of ultraviolet lines could be determined
accurately and cimply. It was shown that the population density

of the Cd(II) groundé state could be determined accurately with

the method. Cn tne other hand, in Chapter 4, it was shown that

the electron density in the He-metal discharge at medium pressures
could be determined with the modified double probe method although
the electron energy distribution function ( EDF ) in it was

non-Maxwellian,

In this chapter, by combining tne modified absorption
method with tne modified double probe method, the e’ and Cd
ion densities in the PC He-Cd" laser discharge are determined
separately without using the cd™ ion mobility. Also the He™
and Cd" ion densities are calculated on the basis of the
non-‘axwellian EDF in the He-Cd discharge, and the ionization

mechanisms are discussed,

§5.2. TIrinciple of the Determination Method

The populution density of the Cd(II) ground state was
determined with the modified absorption method described inr
Chapter 2, and those of the various CA(II) excited states were
determined from tne sidelight intensities as described in
Chapter 3. The total Cca* ion density Nogt was ovtained by adding
the population densities of the Cd(II) excited states to that
of the Cd(II) ground state. Here, the Cd' ion temperature was
assumed to be 1000 K taking into account that the Cd* ion

temperature calculated from the Doppler widths of the Ca(II)
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L 12,1
lines reported previously scattered from 600 K to 1400 X. ° 3)

Yowever, according to the calculation of the absorption coefficient
of the Ca(II) 2265 2 line, even if the actual ca* ion temperature
is different by + 400 K from 1000 K, the error of the population
density of the Cd(II) ground state determined from the absorption
coefficient of the Cd(II) 2265 A line is only +3 % under the
optimum condition for the laser action and the same order in
the other Cd atom density region.

The electron density nﬁe—Cd in the He-Cd discharge was
determined with the modified double probe method6) and the
revised probe theory for the pure He discharge as described in
Chapter 4,

The population density of the He(II) ground state, waich
is nearly equal to the total He' ion density, can be determined
from the absorption coefficient of tne He(II) 304 A line with
the modified absorption method, But additional vacuum system
and the modification of the window of the discharge tube are
needed, In this chapter, therefore, the He® ion density N+

was obtained from

e
“He* = PHe-cd T Pcdt ¢ (5.1

assuming that all of the ions were singly ionized.

§5.3. Experimental Procedure

The absorption measurement and the double prove measurement



were carried out in two cataphoresis type discharge tubes of
the same inner diameter 3.5 mm separately. The capillary of
each discharge tube was put in an oven of 600 K. Each tube

was connected to a flask of large volume at room temperature to

keep the He atom density N, in the capillary constant at any

0
‘discharge current,

The discharge tube used for the absorption measurement
was the same as that used in Chapter 2,

The population densities of the Cd(II) excited states

were estimated from the measurements of the sidelight intensities

with a quartz discharge tube of 3,5 mm in diameter in a manner

described in Chapter 3. However, the sidelight intensity measure-
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ments were restricted to those lines which originated from the low

lying Cd(II) excited states, because the population densities

of the nigh 1lying Cd(II) excited states were generally very small

in comparison with that of the Cd(II) ground state. Their transi-

tion probabilities were tazken from refs.14 and 15,

The population densities of the upper states of -the Cd4(II)
O o
2144 and 2265 A lines, Noqga and Noog59 could not be determined

with the method mentioned above because the relative spectral
sensitivity of the optical detection system could not be
calibrated with the ordinary standard lamp in the wavelength
region shorter than 3000 3. Noqgy WS determined by combining
the laser gain measurement with the modified absorption method

as described in Chapter 7. Noogg Was determined from the ratio

o]
of the Cd(II) 2265 A and the Cd(I) 2288 A sidelight intensities

as described in p,140 in Chapter 7. The trapping coefficients

of the Cd4d(II) 2144 and 2265 A lines were estimated by using



81

the population density of the Cd(II) ground state obtained in
Chapter 2.

The discharge tube used fa} 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
from the absorption coefficient of the Cd(I) 3261 A line in the
discharge tube used for the absorption measurement, it could
not be determined directly in the discharge tube used for the
double probe measurement. Usually, the Cd atom density is deter-
mined from the Cd oven temperature. However, even if the same
discharge tube is used, the optimum Cd oven temperature is
different generally. This means that the Cd atom density derived
from the Cd oven temperature includes a large uncertainty.

In order to estimate the reliable Cd atom density in the
discharge tube used for the double probe measurement, the
following experiment was carried out; In the discharge tube used
for the absorption measurement, the Cd atom density was deter-
mined as a function of the Cd oven temperature at a constant
discharge current. The relative intensity of the Cd(II) 4416 K
sidelight was also measured at the same time., These measurements
were carried out with three Cd ovens, whose heater positions and
temperature distributions are different from one another,

Next, the normalized Cd(II) 4416 A sidelight intensity I,,q¢
was plotted as a function of the measured Cd atom density as
shown in Fig.5-1. Figure 5-1 shows that the Cd atom density
at which 14416 shows a maximum is the same with using any Cd

oven, although the apparent Cd oven temperature is different
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from one another, The same holds true about any other value

of 14416' This means that the Cd atom density can be determined
from 14416 conversely. The Cd atom density in the discharge

tube used for the double probe measurement was determined by
comparing I4416 obtained as a function of the Cd oven temperature
‘with that in Fig.5-1., The determination of the Cd atom density

in any discharge tube of the same inner diameter also can be

done with this method.

§5.4. He™ and Cd" Ion Densities

Figure 5-2(a) presents the electron density, He' ion
density, and Cd™ ion density as a function of the Cd atom den-
sity, and Fig.5-2(b) presents the population densities of the

1

He(I) first excited states ( 238, 218, 23P, 2'P ) as a function

of the Cd atom density. Here, the population densities of the

1

He(I) first excited states 238, 218; 23P, and 2 P were determined

‘ o o
from the absorption coefficients of the He(I) 3188 A, 3965 A,
o o
4026 A, and 4922 A lines, respectively. The initial He pressure

was 3.5 Torr and the discharge current was 100 mA,

In Fig.5-2, as the Cd atom density increases, fhe net
ion density and the population densities of the He(I) first
excited states decrease, and the Cd* ion density increases
nearly in proportion to the Cd atom density. This is due to the
facts that inelastic collisions of eléctrons with Cd atoms of the
low ionization energy occur more frequently and, consequently,
the average electron energy decreases, Note that, in the curve
of the Cd* ion density, a very low hump appears around the Cd

atom density which corresponds to the maximum of the CA(II)
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4416 2 sidelight intensity, while a rather high hump did in the
curve obtained by Silfvast.17) The He™ ion density shows a
behavior similar to those of the population densities of the
He(I) first excited states.

It is very interesting to see that the Cd(II) 5337 i
sidelight intensity follows a behavior similar to that of the
Ca(II) 4416 A sidelight intensity in Fig.5-2. The upper state
of the CA(II) 5337 A line is said to be excited dominantly by
the thermal energy charge transfer collisions of He™ ions in the
ground state and Cd atoms in the ground state.7)

Figure 5-3 shows the electron density, He® ion density,
and Cd* ion density as a function of the discharge current at
the near optimum condition for the CA(II) 4416 % 1aser operation.
The He' and Cd* ion densities increase in proportion to the
discharge current, The Cd4d(II) 4416 E sidelight intensity is
saturated at high discharge currents while the CAd(II) 5337 2
sidelight intensity increases almost linearly with the discharge
current,

The electron density, He' ion density, and cd* ion density
were also measured as a function of the initial He pressure Py
The discharge current was 100 mA and the Cd atom density was
1.1 x 1013 cm-3. The Cd' ion density is nearly constant over the
initial He pressures investigated, while the He" ion density
increases with the initial He pressure. Tne electron density is
roughly proportional to po1‘5. The Cd(II) 4416 A sidelight
intensity is saturated at high initial He pressures while the

Cd(II) 5337 4 sidelignt intensity inereases monotonically.
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§5.5. Accuracy of the Experimental Results

The accuracy of the population density of the Ca(II)
ground state obtained with the modified absorption method is
determined dominantly by the accuracy of the transition
probability of the CA(II) 2265 A line and the scatter of the
measured values of the absorption coefficient. The transition
probability of the CA(II) 2265 K line has been measured recently

#ith the beam-foil technique, ¥

with the electron-photon delayed
coincidence,15) and with the Hanle effect.18) The results agree
within + 5 %. The scatter of the measured values of the absorption
coefficient was less than + 10 %, Then the uncertainty involved
in the population density of the Cd(II) ground state is estimated
to be less than + 15 %,

The sum of the population densities of the Cd(II) excited

states amounted to 10 ~ 20 % of that of the Cd(II) ground

state, Therefore, the uncertainty which arises from the sidelight

intensity measurements is negligibly small in comparison witn
tnat involved in the population density oi the Cd(II) sground
state.

The accuracy of the electron density in the He-Cd discharge
obtained with the modified double probe method was discussed in
Chapter 4, and the resultant uncertainty of the electron density
was estimated to be less than + 15 %,

From those of the electron and Cd* ion densities, the
uncertainty involved in the obtained HeT ion density can be
estimated with the aid of eq.(5.1). At the Cd atom density below

1.5 x 1012 Cm-3, which is the optimum Cd atom density for
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the Ca(II) 4416 E laser operation, tie estimated uncertainty
is less tnan + 30 J, end it increases at higher Cd atom densities,

In Figs.5-2 and 5-3, the product n, 4N,4 of the He' ion
density and the Cd atom density shows a behavior similar to that
of the C4A(II) 5337 X sidelight intensity. This agrees with the
result obtained from the after-glow study in ref.7 that the
dominant excitation process to the upper state of the CAa(II)

5337 K line is the thermal energy charge transfer collision
process of He™ ions in the ground state with Cd atoms in the
ground state followed by the radiative cascadings.

Tne results about the ion densities obtained witan the
previous methods,9’1o)agree with the present one qualitatively.
That is, the Ze” ion density decreases and the Cd” ion density
increases monotonically with the increase of tne Cd atem density
at the constant discharge current and initial He pressure.

But the values of the ion densities obtained wit: the application
of the method described in ref,10to our data were considerably
different from those shown in Fig.5-2 except for tie very narrow
Cd atom censity region. As the previous methods strongly depend
on the mobilities of the ions in the !ie-~Cd discnarge, which

are not xnown exactly at present, probably the discrepancies

come from the large uncertainties involved in the mobilities

of the iouns,



$5.6. Comparison with Theoretical Calculations

EDF in the He-Cd discharge was calculated with substituting
the measured values of the electric field strength and the
population densities of the He(I) first excited states into the
Boltzmann equation and solving it numerically in a manner as
described in Chapter 4. In the Boltzmann eguation, the following
collision processes between electrons and Cd atoms were included
in addition to those between electrons and He atoms; (1) the
elastic collisions with Cd atoms in the ground state, (2) the
inelastic collisions exciting Cd atoms from the neutral ground
state to the first excited states ( 5p1P1, 5p3PO'1,2 ), (3) the
direct ionizations of Cd atoms from the neutral ground state,
The collision cross sections used in the calculation were taken
from refs,19-23, and are shown in Fig.5-4 as a function of the
electron energy. Calculated EDF in the He-Cd discharge is shown
in Fig.5-5. The initial He pressure was 3.5 Torr and the discharge
current was 100 mA.

The He' and Cd” ion densities were calculated on the basis

of the following equations and EDF shown in Fig.b5=5:

K 4
o e : i e T ¢
Bret = T (Mie_ca¥oS * THe-ca Zij NiMy o+ N3 6Wye pe )

He i=1

(5.2)
and
2
/\ e C ) \

D

cat



“ere, A= R/2,41, and R is the radius of thne discnarge tute.
Trne subscripts I and C denote tnat tine guantities are concerned

with helium and cadmium, respectively. The subscripts 1, 2, 3,

and 4 ( = i ) are defined to represent the Fe(I) first excited
states 218, ZWP, 235, and 23P, respectively. NO is the He atom

density and KCd is the Cd atom density. S denotes the collisional
rate for the direct ionizations of atoms from the neutral ground
state, and Mi denotes the collisional rate for the stepwise
lonizatiorns of He atoms from the He(I) first excited state i.

Dy o+ and DCd+ denote the ambipolar diffusion ccefficients of
rLelium and cadmium ions, respectively. Tne last term in eq.(5,2)
represents the ionization rate by collisions between two He

atoms in the Te(I) 238 statc, The last term in eg.(5.3) represeats
the Terning collisional rate vetween re atoms in the He(I) 235
state and Cd atoms in the zround state. The cross sections were

taken frou refs.24~27. The calculated results are presented in

!
O]

there are no reliable data on the Cdat ion mobility

in a "e-Ud discharge, the value was so chosen that the calculated
ca* ion density zgreed with the experimentally determined one

in the low Cd atom density region., The quite good agreement
between the measured and calculated relative changes of the

cdt ion density over the wide Cd atom density region shows that
the results are correct. The relative change of the calculated
et ion density agrees with that of the measured one completely.

The absolute values are different by about 20 % from each other.

This difference is small inspite of the relatively low reliability
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of several collision cross sections,
Calculation shows that the Cd' ions are formed mainly

by the direct ionizations of Cd atoms in the ground state. The
ionization rate by the Penning collisions between He atoms in
tne He(I) 235 state and Cd atoms in the ground state is not
more than 10 % of the total ionization rate of Cd atoms in the
Cd atom density region in Fig.5-2. Therefore, there appears
only a very low hump in the cd* ion density as shown in Fig.5-2.
Moreover, the cd* ion density increases nearly in proportion
.to the discharge current as shown in Fig.5-3, and it is not
saturated, On tne contrary, Janossy et al. supposed that the
C4(II) ground state was excited most dominantly by the Penning
collision process.28) As the population density of the He(I) 233
state was saturated in the low discharge current region of

1« 100 mA,3’4) they concluded that.the population density of the
Cd(II) ground state was also saturated in the low discharge
current region, This contradicts the experimental results obtained

here entirely.

§5.7. Conclusion

By combining the modified absorption method with the
modified double probe method, the He' and Cd¥ ion densities
in the PC He-Cdt 1aser discharge could be determined experimentall;
without using the Cd¥ ion mobility.

The ionization mechanisms in the PC He-Cd¥ laser discharge
was investigated on the basis of the theoretical calculations
using EDF in the He-Cd discharge, It has been shown that the

dominant ionization process of Cd atoms is the direct ionization



process, not the renning collision process,
The He® and Cd™ ion densities obtained here will be used
in Chapter 8 to calculate the excitation rates to the laser
upper and lower states by the stepwise excitations from the
Cd(II) ground state and thermal energy charge transfer excitation

process followed by the radiative cascadings,
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Chapter 6. Fopulation Densities of He(I) Excited States in the

Lo ) . 1)
PC e-Cd" Laser Discharge '/

§6.1. Introduction

In the ®C lie-Cd" laser discnarge, it has been proposed
that the dominant excitation process to the laser upper states
is the Penning collision process between He atoms in the He(I)

2,3) The population

238 state and Cd atoms in the ground state,
densities of the He(I) excited states in the PC He-Cd' laser
discharge, especially that of the He(I) 235 state, have been
measured4’5) or examined theoretically using the Maxwellian
electron energy distribution function ( EDF ).6’7) It has been
observed experimentally that the population density of the He(I)
238 state is saturated at a considerably lower discharge current
than 100 mA 455) while the laser output powers and the sidelight
intensities of the Cd(II) 4416 and 3250 A lines increase monoto-
nically with tlie discharge current ﬁp to about 140 mA. This
contradicts the assumption that the laser upper states are
excited dominantly by the Penning collision process,

On the other hLand, the calculated population density
of the He(I) 235 state in refs.6 and 7 increased linearly up
to a discharge current around 100 mA, Therefore, a significant
discrepancy was found between the discharge current dependence
of the measured population density of the He(I) 223 state and
that of the calculated one.

These discrepancies may come from defects in the measure-
ments and theoretical calculations, or it may be caused by
neglecting excitation processes other than the Pennihg excitation

process,
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In order to meke the above and finally the excitation
mechanisms in tue PC he-CdY laser clear, first of all, it is
necessary to measure the population densities of the he(I)
excited states including the metastable states carefully and
explain their dependences on various experimental parameters
theoretically. In the theoretical calculations, it has to be
taken into account that EDF in the discharge is non-Maxwellian,
aithough tne analysis has been done generally assuming the
Maxwellian EDF up to the present. Because it has been shown from
experiméntal and also theoretical results that EDF is non-
liaxwellian in He and He-metal discharges at medium pressures.8'1o)
Although lMewe carried out the extensive study of the pure le
discharge usirg the non-}¥axwellian EDF,12’13) in the PC He-metzal
discharges, there has been reported no guantitative analysis
of the population densities using the non-Maxwellian EDF,

In this chapter, the population densities of the He(I)
excited states in the PC He-Cd' laser discharge have been
measured carefully and accurately, and it is shown that the
results calculated using the.non-Maxwellian EDF coincide with
the experimental ones well, Especially, a theoretical explanation
is given in detail as to the discharge current dependences of

the population densities of the He(I) metastable states.1)
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"6.2, Experimental Procedure

A discharge tube of 3.5 mm in diameter made of Pyrex
glass was used mainly in this experiment, but also a tube of
3 mm in diameter was used, Each discharge tube was connected
to a flask of large volume and the capillary part of the tube
was put in an oven of 600 K to maintain the profiles of the

spectral lines and the He atom density N, in the capillary

0
part constant irrespective of the discharge current., Therefore,
each spectral line of He(I), or each component in the case of
the triplet, has a Doppler broadened profile corresponding to
the gas temperature of 600 K.

The population densities of the He(I) 238, 21S, 23P, and

2'p states, and that of the Cd(I) ground state were determined

from the absorption coefficients of the He(I) 3188 K, 3965 R,

4026 3, and 4922 2 lines,and the Cd(I) 3261 Z 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

those of the lower states.

Population densities of other He(I) excited states were

determined from the absolute intensities of the spontaneous

emissions in a manner described in Chapter 3. The ratio of the
sidelight intensities were measured with the quartz discharge
tube of the same inner diameter. We can see from the relative
changes of the sidelight intensities whether the experimental
15)

conditions in the two discharge tubes are identical or not.

In calculating the population densities of the He(I)
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excited states using the rate equations, it is necessary to
measure the electric field strength and the electron density
in the He-Cd discharge, where EDF is non-Maxwellian. The values

of them obtained in Chapter 4 were used here.

§6,3., Theoretical Calculations

A simple collisional-radiative model similar to that in
ref.12 has been applied to the pure He and He-Cd discharges,

In order to take into account the influence of the radiative
cascadings, the He(I) excited states of the principal quantum
number n = 3 and 4 as well as the He(I) first excited states of
n = 2 were included in the rate equations. The radiative
cascadings from the states of n 2 5 were neglected Dbecause

it was assured from the sidelignht. intensity measurements that the
contribution of the process to the population densities never
exceeded 10 % under the present experimental conditions.

For the He(I) first excited states, the following processes
were included in the calculation; the cdirect excitation,
de-excitation and stepWise excitation ( also ionization ) by
electron impacts, radiative decay, radiative cascadings from
the higher lying excited states of n = 3 and 4, Penning
collisions of He atoms in the He(I) 235 state with Cd atoms
in the ground state, ionization due to the collisions between
He atoms in the He(I) 2°5 state, and the diffusion to the wall,
The collision, radiation, and diffusion processes for the He(I)
first excited states are shown schematically in Fig.6-1. The

rate eguations are given by
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(6.1)
In the rate equations for the He(I) 21s and 23 states, the
diffusion terms D{VzNi (i=1and 3 ) were estimated by

assuming that the radial distributions of those excited states

could be approximated by the Bessel function of the ieroth order,

Pt
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We obtain that Di Ni = —DiNi/A2 in this case. Here A is the

diffusion length and A = R/2.41, In eq,(6.1), the subscripts

12)
’

c, 0, 1, 2, 3, and 4 denote the ionization continuum the

1 1

ground state, 2 5, 2P, 238, and 23P states of He, respectively.

0]
excited state j, n® is the electron density, and NCd is the Cd

N. is the He atom density, Nj is the population density of the

atom density. Di is the diffusion coefficient of He atoms in

the state i. 8w and {6V are the rate coefficient for

He-Cd He-He

the Penning collisions of He atoms in the He(I) 238 state with

Cd atoms in the ground state and thzat for the ionizations due

to the collisions between two He atoms in the He(I) 233 state,
respectively, Ai—j and Ti_. are the transition probability

and the trapping coefficient16)for the radiative transition i -» j.

S is the rate coefficient for the transition i + j induced

i-
by electron impacts, and is given by

(o]

2 o
Si_5 = |5 /wi’j(x)J;F(x)dx, (6.2)

Vin

where x is the energy in eV, Qi_j(x) is the corresponding cross
section, V., is the threshold energy, and F(x) is EDF,

For the excited states of n = 3 and 4, the following
processes were included in the rate equations; the direct
excitation, stepwise excitation from the He(I) 233 state,
radiative cascadings ( only for those states of n = 3 ), and
radiative decay.

EDF in the pure He and He-Cd discharges obtained in

Chapters 4 and 5 were used in the calculation. The cross
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sections were taken from experimental and theoretical datz in
refs.3, 12, and 17-22, Tohe diffusion coefficient at 60C .

were juotec Trom rer,23, taking into account t....t they were
linearly dependent on the gas temperature.24) s Simple caiculation
shows that the trapping coefficients of the radiative itransitions
! g, 2%p 5 2%, 3’ »

except for the transitions 21P >0, 2P *»2

0, 33D > ZBP, and 41P 2> 0 are nearly equal to 1.

With tne measured electron and Cd atom densities and tne
calculated EDF, eq¢{6.1) was solved numerically. Some iterative
method was employed to solve eq.(6.1) because the trapping
coefficient of each radiative transition had tne complicated
dependence on the population densities of the upper and lower

states of it generally.

{ 6,4, Pxperimental and Theoretical RKesults
©.4.'., e discharge
“irst tne experiments and calculations were performed
about tue pure '.e discharge. The measured and calculated
population densities of the “e(I) first excited states and those
of the te{I) 33} and 31? states are shown in Fig.6-2 as a function
of the initial lie pressure. The calculated rate coefficients
Si-j are listed in Table 6-1, The tube diameter was 3.5 mm
and the discharge current was 100 mA, Calculations were also done
using the Maxwellian EDF of the electron temperature determined
with the conventional double probe methosz) for the comparison.

The results are denoted by dotted lines in Fig,6-2, which

deviate very much from the measured values. On the contrary,
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Table 6-1, Rate coefficients in the pure He discharge as

a function of initial He pressure; 3.5 mm I.D.,

discharge current of 100 mA,

A~

EN

[}
Q

py (Torr)| o,8 1.4 2.1 3.5 5.4 8.9 11.2
n® (en™) | 1111 2011 40M gal1 4,512 o912 4 002
g“?'; N, 1,212 4,312 4 2'2 g8l g 0!t 5,7V 3,97
7 = N, 1.8 2,810 4.4 66" 1,072 1472 90"
'g g N, 2,22 5.2'2 2,6'2 7.6'2 6.6'2 4.6'% 3.0'°
8 8 N4 1.211 5.311 1.512 2.612 3.612 3.512 2.612
So-1 2,2710 7 4711 53,3711 g =12 4 4712 4 gm12 4 5710
S1-2 3,476 3,276 3,276 3,276 3276 3276 3276
513 5.0 3277 55T 39T 40T 43T 47T
54_¢ 1,577 1,277 1077 8678 7,978 6.9 6.37°
Sp-2 7.4710 1,910 g7 4 571 66712 43712 54700
S,_1 6.677 6.4 6.577 6,677 6,67 6777 6.7
S S,z 5,578 7,578 9,478 1,377 1477 16T 1,777
s, 5.7 5,577 5,977 6,677 6,977 7.37  7.67
5 s, 2,177 77T s st a2 07T 9.6
£ So-3 2.0710 11,0710 6,171 2,471 45T 44718 22708
:é S5_; 8,278 8.57% 8.8 9.37° 9.47° 9.77%  9.87°
& S5, 5,378 7.8 8,778 17T 27T 4T a5
S 55, 2.07% 1.8 187 1776 177 167 16O
§ S5_g 1,077 7,878 6,778 5,38 4,88 4,178 3,67°
So_4 2,110 9,671 5,271 48711 g,4712 27712 45702
542 1,577 16T 7T 1977 197 20T 27T
3,_3 4077 37T 37T 37T 3T 37T 37T
s 1,877 1477 1377 1T 07T 8878 8170
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the results calculated using the non-Maxwellian EDF explain the
experimental results well for all the states.
Figure 6-3 shows the discharge current dependences of the

population densities in the pure He discharge., The experimentally

1

determined population densities of the He(I) 223 and 2's states

remain almost constant over the discharge current region

investigated,

6.4.2. He-Cd discharge

Figure 6-4 shows the Cd atom density dependences of the
population densities of the He(I) excited states in the discharge
tube of 3.5 mm in diameter, The initial He pressure was 3.5
Torr and the discharge current was 100 mA. As the Cd atom density
increases, the population densities of the He(I) excited states
of n = 2, 3, and 4 decrease monotonically, because the higher
energy part of ZDF decreases rapidly on account of the inelastic
collisions of electrons with Cd atoms of the low ionization

energy., The calculated results agree with the experimental data

well. The calculated rate coefficients Si-j are listed in

Table 6-2,

Figure 6-5 éhows the discharge current depeﬁdences of the
population densities of the He(I) excited states at the constant
Cd atom density of 1.1 x 10'% em™> in the He-Cd discharge.

The initial He pressure was 3.5 Torr. The scatter of the measured
values was somewhat large at the discharge current of 10 mA.
The Cd atom density NCd was monitored by measuring the absorption
-coefficient of the Cd(I) 3261 A line, and was kept cbnstant

at any discharge current by controlling the Cd oven temperature,
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Table 6-2., Rate coefficients in the He-Cd discharge as a
function of Cd atom density; 3.5 mm I.D., discharge

current of 100 mA, initial He pressure of 3.5 Torr.

Neg (en™) | 0.0 1,12 6,6'2 1,5'3 4.0"3 1.0
n® (cm-B) 8.011 8.011 9.011 9.811 1.112 1.412
W, 8.8 8.1 65" 441 11T 480
§ éi N, 6.6'7 6.0 49" 3511 9,710 4,89
§ :E N3 7.612 7‘112 5.812 4'012 1‘112 1.610
S8 m, 2,612 2,312 g %2 4412 00 359
So-1 8.2712 8,072 6,1712 35,9712 g q713 4 4774
S4_p 3.27% 3,276 3,276 3276 3,276 3,076
543 3.9 3,977 4,077 4,177 46T 50677
510 8.6 8,58 8,18 7,578 5778 26"
Sop 1,577 gt 107 e27E 4 571R 1,474
S,_1 6.677 6.677 6.67 6.671 6.7 6.7
5 Soo3 1,377 1,377 1,377 4477 1877 2,977
a s, , 6.677 6.777 6.877 7.077 7.777 9,577
i So-o 1,377 1,277 27T 17T 8,978 4,778
;5 So_3 2,47 2,371 471 427 5,3712 5 974
3 Sy 9.378  9.378 9.4 9,578 1,077 1,077
& sy, 1477 1T T s e 22
8 S5, 1,778 1,778 1% 167t 1670 10370
2 85 4 5.378 5,378 5,0 4,578 3.27% 1,57
- 1,871 47 g5 ge712 22712 357N
S4-2 1,977 1,977 1,977 2,077 2,177 2,577
5,3 5.777 37T st sl 37T 35T
S4-0 1,077 17T 1077 9578 7,478 3770




3.5mm |I.D. He-Cd
Cd ATOM DENSITY I.1x 10'3¢m3
He 3.5 TORR
i —_— T~ A3
L o 0" o 2’S
5 / © 50 °
- 0% 4
A/
12
~10F 2
? 5 A
E [ * 2's
(3] B A o
- s / ® oo yd
> — g ¢
: | e
) L A L4
&
A
Q i A :
> 2'P
o A
i
|E|O -
- 5
2 R
(1
o A
o R
[e]
10
[ 2 £ 1 [} 1 [ll [ 1 1
10

100
DISCHARGE CURRENT (mA)

Fig.6-5. Population densities of He(I) excited states in the
He-Cd discharge as a function of discharge current. The
solid lines represent the results calculated with

non-Maxwellian EDF.



114

The population density of the Hé(I) 233 state is saturated at
the discharge current below 20 mA, while the sidelight intensity
of the CA(II) 4416 X line increases with the discharge current
up to 140 mA.15) On the other hand, population densities of the
He(I) excited states ofvn'= 3 and 4 increase almosi linearly

- with the discharge current as expected frdmﬁthe rate equations.

The population densities of the He(I) excited states in
the He-Cd discharge were measured as a function of the initial
He pressure at the constant Cd atom density of 1.1 x 1013 cm_3
and discharge current of 100 mA.also. They were similar to those
in the pure He discharge shown in Fig.6-2, while their absolute
values were smaller by about a factor 2 than those in Fig.6-2.

In the discharge tube of 3 mm in diameter, the results

similar to those in Figs.6-2~ 6-5 were obtained and the experi-

mental results coincided with the calculated ones well.

§6.5. Saturation Mechanisms of He(I) Metastable States

Mewe calculated the population densities of the He(I)
Ilrst excited states in the pure He dlscharge W1th neglecting
the effects of the radiative cascadlngs from the hlgher lying
excited states and could,explaln the experimental data well.120
As the diameter of the discharge tube used in réf.12 was large
( 22 mm ) and the discharge,current,denéity was very low in

comparison with those in the present experiment, the effects

of the radiative cascadings'could be neglected probably.



However, the calculation shows that the radiative cascadings
from those states of n = 3 and 4 to the He(I) first excited
states cannot be neglected under the present experimental
condition.

Figures 6-~3 and 6-5 show that the population densities
of the He(I) 235 and 213 states are saturated at the low

discharge currents, According to the rate equations, this can

be attributed to the following facts. Among the excitation
rates to the He(I) 23S state, the radiative cascading rate
T,_3N4A,_ 5 by the transition He(27P) » He(2%S) + LY and the

direct excitation rate Noneso_3 are large. On the other hand,

the destruction rate of the He(I) 238 state is determined mainly
by the diffusion to the wall in the low discharge current region

of 1< 10 mA, The population density N of the He(I) 235 state

is given by

T I e
o Ta-3N4t4o3 * Mo So_s

2
D3AA

N

When we take into account that the‘population density N4 of the
He(I) 27p state is roughly proportional to the discharge current,

we see from eq.(6.3) that N3 increases ‘almost linearly with the

discharge current in this region, In the region of I >10 mA,
however, the electronic de-excitation rates becoﬁe dominant
in the destruction rate of the He(I) 233 state, Especially,

the de-excitation rate neN383_4 by the electronic collision

He(23S) + e > He(23P) + e is the largest, It is about 20 times

larger than the de-excitation rate neN333_c by the ionizing

115

(6.3)
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collision He(2°S) + e + He™ + 2e and about 35 times larger
than the de-excitation rate by the Penning collision He(238)

+ Cd(51S) - He(11S) + (Cd+)* + e at the initial He pressure
of 3.5 Torr, the discharge current of 100 mA, and the Cd atom
density of 1,1 x 1013 cm'3. Therefore, we must not neglect

any of those three rates ( NoneSO_3, Ty43N4As_ 3, and neN3S3_4 )
in the discharge current region of I 710}mA. In this case,

N3 is given roughly by

T, _2(N,/n®)A, - + N S,_
N3-~434 4-3 * 70%0-3 (6.4)
S3-4

As the population density of the He(I) 23P state N4 is roughly
proportional to the discharge current, N3 is not considerably

dependent on the discharge current in the pure He and also

He-Cd discharges. The relative change of the population density N1
of the He(I) 215 state with the discharge current can be inter-
preted in the similar way by taking into account the electronic
collision process He(21s) + e 9-He(21P) + e,

On the contrary, in refs.6 and 7, only the diffusion,
stepwise ionization, and'Penningvcollision processe; were took
into account as thé destruction processes of the He(I) 238 state
in the calculation. The stepwise ionization rate neN383_c becomes
comparable with the diffusion loss rate DBAA? at a discharge
current higher than 100 mA, Then N5 is given by eq.(6.3) in the
region of 1< 100 mA in this case, When we take into account the
electronic collision He(ZBS) + € +'He(23P) + €, N3 is‘saturated

in the region of I <10 mA, because the de-excitation rate
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neN3S3_4 is larger by one order of mgnitude than the stepwise
C . €.
ionization rate n'NzS5z ;.

The dominant excitation processes to the He(I) 21P and
23P states are the direct excitations and the stepwise excita-
tions from the He(I) 2l and_23s states, The destruction rates

are mainly determined by the radiative decay rates, which are

independent of the discharge current. Therefore, the population

densities of the He(I) 2

P and 23P states, N2 and N4, respec-
tively, increase almost linearly with the discharge current,
The situation is the same also for the He(I) excited states
of n = 3 and 4,

In Figs.6-3 and 6~5, the calculated population densities
of the He(I) 235 and 21S states decrease at discharge currents
above 120 mA, This is caused by ﬁhe decrease of the direct
excitation rates and radiative cascading rates to those'states,
because the electric field strength decreases with the discharge
current., Slight discrepancies between the calculated and measured
results probably come from the following;(i) the assumption
that the radial distribution of the population density of each
ie(I) excited state is the Bessel function of zero -order does
not hold valid completely, and (ii) the trapping coefficients
for the transitions He(2°P) » He(27S) + hv and He(2'P) »

He(2's) + hv’ are affected to some extent by the fact mentioned
in (i).

The discharge current dependences of the population
densities of the He(I) first excited states in this experiment
are qualitatively in gbod agreement with those in ref.s5,

Tne comparison of our results with those in ref.4 is difficult
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because the shapes of the tubes used are not the same., However,
they coincided at the point that the population density of
the He(I) 275 state is saturated in the low discharge current
region.

4s shown in Figs,6-2~6-5, the present calculated results
of the population densities agree with the experimental results
in their absolute values, and also in thé initial He pressure,
Cd atom density, and discharge current dependences generally.
When we assume the lMaxwellian EDF of the electron temperature
determined with the conventional double probe method, however,
the calculated results deviate from the experimental ones
considereacly in tneir absolute values and the initial He pressure
dependences as shown in Fig.6-2. The unified theory of the
electron temperature in ref,26 gives a lower electron temperature
than the Schottky theory does for a given product of the He pressure
and the tube radius. Howéver, the population densities calculated
on the tasis of the unified theory again increased monotonically
up to tie initial He pressure around 8 Toré. On the contrary,
in the case of the non-Maxwellian EDF obtained from the Boltzmann
equation, the higher energy part of EDF decreased rgpidly
with tne increase of the initial He pressure, and therefore
the direct and stepwise excitation rates decreased very rapidly.
Consequently, the calculated population densities decreased at
higher initial He pressures.

In order to explain the population densities in the pure
He and :ie-Cd discharges consistently, therefore, it has to

be taken into account'that EDF is non-Maxwellian,
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§6.6. Conclusion
The initial He pressure, Cd atom density, and discharge
current dependences of the population densities of the He(I)
excited states in the pure He and He-Cd discharges were explained
theoretically and consistently by taking into account the non-
Maxwellian EDF and the new electronic collision process; He(233
or 2'S) + e » He(2°P or 2'P) + e.
It has been confirmed experimentally and theoretically
that the population densities of the He(I) 2°S and 2'S states
are saturated at the low discharge currents in the pure He and
He~Cd discharges. As the excitation processes to the upper states
of the Cd(II) 4416 and 3250 A lines, therefore, we must take
into account other excitation processes in addition to the
Penning collision process between He atoms in the He(I) 233 or
215 state and Cd atoms in the ground state, A further discussion
on the excitation mechanisms in the PC He-Cd® laser discharge will

be given in Chapter 8,
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°
Chapter 7. Jotir n secnanism of tne CC{II) 44106 4 Laser

¢7.7. Introduction

senerally, the saturation of the laser output power is
related to the population density of the laser lower state as
well as tiat of tue laser upper state, It has teen shown thet
tiie population density of the laser lower state plays significant
role in the saturation of the laser gain in the He-le laser.1>
On the other hand, in the PC He-Cd" laser discharge, the effects
of tie populaiion densities of the laser lower states on the
laser output powers have bveen neglected up to the present,2'4>
because it has been observed that the behavior of the Cd(II) 4416
Z laser output power is analogous to that of the CA(II) 4416 K
sidelight intensity. However, it. seems difficult to interpret
the discharge current or initial He pressure dependence of the
CA(II) 4416 Z or 3250 Z laser output 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 the laser lower state accurately under various experimental
conditions. The only data on the population densities of the laser
lower states were reported by Hodges.s) They were determined only
at the optimum condition for the laser action with the absolute
line-intensity measurement using the standard lamp. Therefore, the
errors may be very large and, moreover, the data are insufficient
to discuss the saturation mechanisms of the laser output powers.

It is difficult to determine the population densities of

. the laser lower states from the absolute intensitieé of the
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Cd(II) 2144 and 2265 4 lines in a manner described in Chapter 3,
because of the limitations of the tungsten-iodine standard lamp.
In this chapter, the population densities of the upper and
lower states of the Cd(II) 4416 K line were determined by
combining the laser gain measurement with the modified absorption
method, and it will be shown that the influence of the population
density of the laser lower state on the laser output power is
considerable, and we cannot interpret the saturation of the

laser output power by neglecting it.6)

§7.2. Determination of the Population Densities of the Upper
and Lower States, and Calculation of the Laser Output Power

In this chapter and next chapter, the population densities
of the upper and lower states of the CA(II) 4416 i line in the
discharge tube of 3.5 mm ID ( inner diameter ) under the various
experimental conditions without lasing are denoted by n, and n,
respectively. Moreover, Nog and n., are defined as n, and n,
under the near optimum condition for the laser action; the initial
He pressure of 3.5 Torr, the Cd atom density of 1.5 x 1O13 cm-B,
and the discharge current of 100 mA,

We can obtain n, and n, from nog and Dig by measuring
the relative changes of the CdA(II) 4416 and 2144 A sidelight
intensities, respectively. In determining them, the effects of
the resonance trapping were taken into account. The trapping

coefficient of the Cd(II) 2144 R line was calculated in a

manner similar to that in Chapter 3 assuming that the radial
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distributions of the population densities of the upper and lower
states of the Ca(II) 2144 Z line were of the Bessel function of
the zeroth order. It is shown in Fig.7-1.

Nog and N,y were determined in the following manner.

With the method described in Chapter 3, Noy Was determined
from the absolute intensities of the spontaneous emissions of
the CA(II) 4416 A and the Cda(I) 3261 A lines, The ratio of the
sidelight intensities was measured using the quartz laser tube.
The population densities of other Cd(II), CA(I), and He(I) excited
states,- from which optical transitions of wavelengths longer than

o
3000 A were allowed, were also determined in the same manner,

The determination of n, from the CA(II) 2144 A sidelight
intensity with the above method was difficult because of the
large uncertainty involved in the calibration of the relative
spectral sensitivity of the optieal detection system and the
difficulty in estimating exactly the transmissivity of the
tube wall at 2144 A, Therefore, n,, was determined from the
difference of the measured Nog and population inversion density
nzo-(gz/g1)n1o ( =AnO ). The population inversion density
was obtained from the gain measurement in the following way.

In the case of the Cd(II) 4416 A line of the natural
isotopic abundanée, the line profile is complicated due to
the isotope shifts and hyperfine Splittings.7) Assuming that
each component in the profile has a Doppler broadened profile
and also that the natural width KVN is very small compared
with the Doppler width AVD, the saturated géin in the single
frequency operation is given by the same formula as that derived

"for a single Doppler broadened profile.a) When the coupling
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Fig.7-1. Trapping coefficient 7 of the CA(II) 2144 4

line as a function of kOR.
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plate of the total surface reflectivity R is used to take out
the laser 6utput power from the‘cavity, the—laser'output power
density can be calculated by equating the gain to the loss
per pass, and it is given by eq.(28) in ref.9.

In the case of the multi-frequency operation, the laser
output power W taken from the coupling plate can be calculated
oy assuming that; 1) the number of the longitﬁdinal modes is
very large, and 2) the gain is saturated independently at each
frequency. By summing up the laser output powers over all the

longitudinal modes, one obtains that

G~ L : |
‘.ancI‘-IR{(-—-—O—-—-)Z— 1] , (7.1)
L + R
where v
2 . max
: €010,  Ao1hog 2, 1 o (7.2)
= - | vV £f=(vy)ay . *
Gy = (nyg e )(sjw ) [ Vg (V)
) m
Wnin

Here, f(Y) is the line profile shown in Fig.7-2,7) and it is

normalized as

/f(v’)dv": 1, N (7.3)

0

in egs.(7.1) and (7.2), £ is the active length, L is the loss
per pass. The subscripts 1 and 2 denote the lower and upper
states, respectively, and g is the statistiecal weight. N and'Vh
are the number and frequency bandwidth of the longitudinal

modes, respectively, and ¥V =V .. - Viine In case 'f(V) is the
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single Doppler broadened profile, eq.(7.2) is reduced to the
small signal gain at the center of the profile.

The relation between the incident angle and the reflectivity
R of the quartz coupling plate is shown in Fig.7-31o) for the
wave with the polarization in the parallel direction of the
incident plane, Turning the coupling plate, the reflectivity R
changes, and we can obtain the R dependence of the laser output
power W, By fitting eq.(7.1) to the measured W versus R curve, GO
and L can be determined., The population inversion density Ano can

be determined from eg.(7.2) with the measured GO when V. and

Yot m.
ng/gz(V)dv' are evaluated.,
Vi

When the coupling plate is not inserted into the cavity,

the laser output povwer W' taken out from the mirror of the
transmissivity T is given by eq.(7.4) assuming that the radial

field distribution is a Gaussian of the .beam radius w,.

N
. A, .Anf '
W o= szgPsT Z [{-—2—1—3—1———- f(Vi)}z - 1], (7.4)
“i=1 A 8L

where, An = nz-(gz/g1)n1, and Ps is the saturation'parameter,
and is given by
o
4r hcAVN
Ps= A}
21

, (7.5)
In eq.(7.4), the summation is taken over all the longitudinal
modes. In eq.(7.5), h is the Planck constant and c is the 1ight
velocity. Using the measured loss L and population inversion

density An on the tube axis, W' can be calculated from eq.(7.4)

uhder the various experimental conditions,
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Fig.7-3. Reflectivity R of the quartz coupling plate for
the wave with the polarization in the parallel
direction of the incident plane as a function of

incident angle.
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§7.3. EZxperimental Procedure

The experimental arrangements are shown in rig.7-4. A cata-
phoresis type guartz laser tube was used in this experiment,
Also a cataphoresis type Pyrex discharge tube was used for the
absorption measurement. Both tubes were of 3,5 mm I.D.. The
capillary part of each tube was put in an oven of 600 K and the
tube was connected to a flask of large volume.

GO in eg.(7.1) was measured by vérying the angle between
the quartz coupling plate and the tube axis in the way similar
to that-in ref,10, A typical data on the R dependence of W
is shown in Fig.7-5. The transverse mode of the laser oscillation
was TEMOO.

The laser output power was measured with the 40X opto-meter
( United Detector Technology, Inc, ). The transmissivity of
the mirror from waich the laser output power was taken out
was measured witn the laser beam., It was estimated to be
0.95(1+0.02) %.

Generally, it is difficult to determine accurately the
Cd atom density NCd in the laser tube or the discharge tube
only from the Cd oven temperature, because NCd is influenced
by he oven structure and the discharge current, In the discharge
tube, ECd was determined directly with the modifiéd absorption
method described in Chapter 2, In the laser tube, Nog Was
determined with the method described in ref.,11 and, in addition
to it, by monitoring the ratio of the sidelight intensities
13261/15016 or 54800/15016' where the subscripts are the
wavelengths in A of t@e used He(I) and Cd(I) 1lines,

A guartz discharge tube of 3 mm I.D. was also ﬁsed for the
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measurerents ol the porulstion densities of the laser upper

states and the "elI’ excitec states., Thne disciarge tuve Lad

AN

tie same structure as used for the absorption measurement in

Chapter 2.

§7.4. Experimental and Calculated Results
The results in the tube of 3.5 mm I.D., are as follows.
n,, defined in §7.2 was estimated to be 7.7 x 10° en”?,

The average value of ten measured values of GO was 8,4 (/m,

] ) . 10 -3

From eq.(7.2), Any = nzo-(gz/g1)n10 = 4,8 x 1%ﬂavcm . In

obtaining Ano, we put Vp = 0.17 em” 'and Jg' /fz(?)dv'= 0.98,
m iy

whick was estimated roughly from the measured loss L by assuming

that the ion temperature was 1000 K.'27'2) Then, nj, = 1.9 x
) 101C cm™2,

Figure 7-6 shows n,, n,, 4n, and the laser output power
as a function of the discharge current, An was calculated
from the measured N and no,. The initial He pressure was 3.5
Torr and the Cd atom density was 1.5 X 1012 em™?. At high
discharge currents, n, is saturated while n, increases
monotonically with the discharge current, On the ther hand,

in and the laser output power have maxima at a discharge current

around 140 mA and then decrease with the discharge current,

S

‘igure T-7 SnOWS N, ng,lAn, and the laser output power
as a function of the Cd atom density. The initial He pressure
was 3.5 Torr and the discharge current was fOO mA, As the Cd
atom density HCd increases, n, has a maximum at NCd ground

~1.5 x 1013 cm-3 and then decreases, while n, has a maximum
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at N4 around 6 x 10"3 ¢m™2, In this case, there is no essential

difference between the Cd atom density dependence of n, and that
of An.

Figure 7-2 sLOWS Ny, ng,,;n, end the laser output power
as & function of tie initial *e pressure. The discharge current
was 100 mi and the Cd atom density was 1.5 x 1077 en™3, it nigh
initial lie pressures, o, is saturated while n, increases
monotanically with the initial He pressure. On the other hand,
An and the laser output power have maxima at the initial iHe
pressure of 4 Torr, The influence of n, on the laser output
power ﬁecomes more considerable at nigh initial ﬁe pressures,

The laser output power was calculated from eq.(7.4) using
the measured values of An, T, L, and the beam radius Woe The
calculated results are shown in Figs,7-6(b), 7-7(b), and 7-8(b).
They agree with the measured laser output power over the
experimental conditions investigéted well,

Also with the discharge tube of 3 mm I,D,, the population
density of the upper state of the CA(II) 4416 £ line was
measured, At the initial He pressure of 3 Torr and the Cd atom

density of 1.4 x 1012 en™3

y it was saturated at a discharge
current around 150 mA, On the other hand, in the discharge
tube of 3.5 mm I.D., it can be seen from Fig.7-6(a) that n, is
saturated at the discharge current of 200 mA, The discharge
current densities corresponding to these discharge currents
are nearly ecual with each other, In the initial He pressure
dependence of the population density of the upper state of

the CA(II) 4416 i line, it was observed that the similarity

rule for the reduced tube radius pR held well between the

Jdischarge tubes of 3 and 3,5 mm I.D..
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7.5, Reliability of Lxperimental Hesults

The relative cinznges of tne CJG(II 4416 and 2144 A
sidelignt intensities can be measured directly witn tie opltical
detection systewn. oreover, the effects of the imprisonment

of radiation on the sidelight intensities can be estimated
exactly over tre experimental conditions in Figs.7-6~7-3,
because the population density of the CA(II) ground state can

be measured wita tiae modified absorption method. Therefore,

tne uncertainties of n, and n, are determined meinly oy those

As the relative spectral sensitivity of the optical
detection system can be calibrated accurately in the wavelengtu
region from 3000 to 7000 X using the ordinary standard lamp,
the uncertainty of Doy is determined mainly by the uncertainty

involved in the population density n_ of the upper state of

s
the Cd4(I) %261 A line méasured with the modified absorption
method, The measurement of ng was repeated using the ca(I)
3261 and 4300 Z lines under the various Cd atom densities at
the initial e pressure of 3.5 Torr and the discharge current
of 100 ;1.11) The resultant uncertainty of Ny, is estimated to
be less than +20 %, |

The maximum value of the population density of the upper

state of tie CA(TII) 4416 A line was 1.2 x 101" em™2 in the

discharge tube of 3,5 mm I.D., and it was 1.1 X 101 en™3

in the
discharge tube of 3 mm I.D.. They are nearly equal with each
other., On the other hand, the population densities of the He(I)

excited states in the two tubes were in good agreement with

N

0



those calculated orn tne basis of a simple collisional-radiative
moéel in tze pure ¢ and le-Jd discrarges as discussed in

AN

Chapter 6.1*’ oreover, tne maximum value of tie population
density of the upper state of the CA(II) 4416 A lire in the
discharge tube of 3 mm I.D. agreed with the value obtained witk the
5)

absolute line-intensity measurement by liodges within a factor

1.6. These facts show that N, obtained here is reliable.
The uncertainty of the value of GO measurea repeatedly
was +14 5, This is ecual to the uncertainty of the population

inversion density n,,-(8,/84)n,, because the factor

Jﬁn f‘fz(})d? /15 only slightly depends on V_. 5ilfvast et al,
obtained the unsaturated gain of 4.0 % in the single-Cd-segmented
laser tute of 2 mnm I.D., and 26 cm long under the optimum condition

for the laser action.15)

When the inverse radial dependence
of the gain is taken into account and the similarity rule for
the reduced tube radius'pR is applied, this corresponds to
£.€6 .i/m under our experimental condition. This value is close
to GO obtained here,

n,, was also cross-checked with the following two methods,
Cne method is to determine»n10 from the ratio of the C4(II)
2144 i to the CdQII} 2288 ﬁ sidelight intensities in a manner
similar to that stated in Chapter 3., The population density
of the upper state of the CdA(I) 2285 X line can be obtained from
the absorption coefficient of the Cd(I) 5155 z line measured
with the modified absorption method, The other method is
to employ the technique of ‘the perturbation spectroscopy.16)

The values of %49 obtained with those two methods agreed with

"that obtained here within a factor 2, Moreover, the present
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value of u,. iz relutively close to the population density

i
i
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; 4430 ~ line in tae discharge
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e BRI o~
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tube of 2 mn I.D. obtained by Hodges, when the discharge current

dependence of n, is taken into account. These show that nqg
obtained here is reliable,

’ N -

Tigure 7-6(b;, -7

~

b), and 7-3(b, s.iow that tne laser
output power calculated from ec.(7.4) is very close to tae
measured one, This reans that the population inversion density
‘n ( and therefore PN ) is reliable, The slight cdifferences
between the calculated and measured laser output powers are
caused by the change in the loss I or the beam radius w5 in the
course of the experiments probably.

As 1y is determined from the difference between Noq

o
and nzo-(g2/g1)nqo here, n,, may include a larger uncertainty
than that of n,,. Even if n, is the half of the value obtained
here, rnowever, the term‘(g2/g1)n1 can never be neglected in the
population inversion density, especially in the high discharge
current region, in tne hign Cd atom density region, or in the
high initial e pressure region, The influence of n, on the
laser output power can be easily seen from Figs.,7-6 and 7-8.

At the hign disciarge currents in Fig,7-6, n, is Saturated but
does not decrease, while the laser output power decreases,

At the zigher initial He pressures in Fig.7-8, n, decreases
sligntly wnile the laser output power decreases very rapidly.
Also the laser output power calculated from eg.(7.4) accounts

for the measured results well., Therefore, it can be concluded

that the contritution of the population density of the laser



lower state to the saturation of the CA(II) 4416 K laser output
power 1is very large.

In the course of the experiments, it was otserved tnat
tne Cd atom density in the capillary part of thae laser tube,
:Cd’ decreased gradually with the discharge current or tae
initial lie pressure wnen the Cd oven temperature was kept
constant. The decrease in §C1 with the discharge current, for
instance, could be observed easily from the reduction of tne
rate of the increase in the Cd(I) 3261 E sidelitht intensity.
Vhen the Cd oven temperature was kept constant, n, was
saturated at a discharge current around 120 mi, and then it
decreased at higher discharge currents. The laser output power
appeared to follow & bahavior similar to that of No, and the

saturation of tne laser output power appeared to be caused

only by the saturation of no. On the contrary, when NCd was
kept constant, n, was séturated at the discharge current around
200 mA, but the laser output power had a maximum at the
discharge current around 140 mA, Therefore, the experimental
results that the laser output power shows the bahavior similar
to tnat of the Cd(II) 4416 4 sidelight intensity ( or n, )

3)

in the discharge .current characteristic is caused by the

decrease in Hﬂd at nigh discharge currents probably.

7.6, Conclusion
A formula to determine the population inversion density

from the unsaturated gain has been derived for a laser line

14
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whose line profile consists of the superposition of several
inhomogeneously broadened components, On the basis of this
formula, the population densities of the upper and lower states
of the CA(II) 4416 A line in the PC He-Cd®™ laser discharge were
determined experimentally by combining the laser gain measurement
and the modified absorption method. The reliabilities of the
measured results were checked in several ways., It turns out
that the influence of the population density of the laser lower
state on the laser output power is considerable and must not
be neglected, especially in the high discharge current region,
in the high Cd atom density region, or in the high initial He
pressure region.

The excitation mechanisms to the laser upper and lower

states will be discussed in the following chapter.
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Chapter 3, Zxcitation Mechanisms to the Upper and Lower States

of the Cd(II) 4416 A Line

§8.1. Introduction

Many papers about the excitation mechanisms in the PC
He-Cd* laser have been published.1_4) Since it has been thought
that the population densities of the laser lower states are
negligibly small compared with those of the laser upper states,
only the excitation mechanisms to the laser upper states have
been discussed so far. Silfvast has suggested that the Penning
excitation process between He atoms in the metastable states
and Cd atoms in the ground state is the dominant excitation
process to the upper states of the CAd(II) 4416 and 3250 X laser
lines.1> When it is assumed that only the Penning excitation
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 the upper states and the laser output powers of
the CA(II) 4416 and %250 Z laser lines are saturated in the much
higher discharge current region.4) To explain it, Miyazaki et al.
have supposed that He atoms in the He(I) 23p ana 21P states also
come into the Peﬁning collisions with Cd atoms iﬁ the ground state,
and proposed to take the sum Nm of the population densities of
the He(I) first excited states. But there was still rather large
discrepancies between the discharge current dependence of Nm
and those of the population densities of the laser upper states.
The discrepancy with respect to the CA(II) 4416 A line became

larger when the non-radiative decay rate of the uppér state of



the CA(II) 4416 4 line was taken into sccount. 2”1

Janossy et al. proposed that the stepwise excitation
process from the CAd(II) ground state was tne dominant excitation
process at high discharge currents.B) Trhey assumed that the Cd(II)
ground state was excited most dominantly by tne Fenning excitation
process and, therefore, the population density Nogt of the Cd(II)
ground state was saturated in the low discharge current region.
However, experimentally determined Nyqt+ increased linearly with

the discharge current and was not saturated.s)

Nogt also increased
monotonically with the Cd atom density. Our calculations
have shown that the direct ionization of Cd atoms by electron
impacts is much more dominant than that by the Penning collisions
as described in Chapter 5.

There is still the large ambiguity on the excitation
mechanism to the upper state of the CA(II) 4416 4 line
as mentioned above. On the laser lower state, which plays an
important role in the saturation of the laser output power, the
excitation mechanism has never been discussed yet. In this chapter,
the excitation mechanisms not only to the upper state of the
Cd(II) 4416 4 line but also to the lower state are discussed
9)

on the basis of the measured parameters,

§8.2. Rate Equations

Although the dominant excitation process to the upper
state of the Cd(II) 4416 & line, the Cd(II)‘5522D5/2 state,
has been assumed to be the Penning collision process between

He atoms in the metastable states and Cd atoms in the ground
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state,1’2> the discuarge current dependence of the population
density of the upper state of the CdA(II) 4416 i line, n,, shown
in Fig.7-6 is quite different from those of the population den-
sities of the He(I) metastable states shown in Fig.6-5. Here, we
examine whether the discharge current dependence of n, can be
interpreted with the total Penning excitation rate including all
the He(I) excited states or not. Although there is no data on
the collision cross sections for the Penning ionizations between
Cd atoms and He atoms in the non-metastable states, it has been
reported that those between Ar atoms and He atoms in the He(I)

1P, 318, and 31P ) states are not different

338 and 33P ( or 2
by a factor of more than 2 from that between Ar atoms and He
atoms in the He(I) 233 ( or 215 ) state.10-13) Therefore, it is
not unreasonable to assume that collision cross sections for

the Penning ionizations between €d atoms and He atoms in various
He(I) triplet ( or singlet ) excited states are identical in
magnitude. In this case, the total Penning excitation rate to
the laser upper state is given by (nTB;& + nsgvé)NCd. Here,

ny ( or ny ) is the sum of the population densities of the He(1)
triplet ( or singlet ) excited states of the principal quantum
number n = 2 to 6. determined experimentally., The sum of the
population densifies of the He(I) excited states of n Z 7 was
negligibly small compared with ng or ng. Z;& ( or 3;8 ) is the
rate coefficient of the Penning collision of He atoms in the

10 cm3/sec

triplet ( or singlet ) excited states. We used 2.5 x 10~
for 3;& and 6,3 x 10'10 cm3/sec for 3?8.14'16) In Fig.8-1,
the total Penning excitation rate (nT6vT + nsévS)NCq is shown

‘as a function of the discharge current., The discharge current
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dependence of tihe total Penning excitation rate is still quite
different Ifrom that of n,. Therefore, it is difficult to explain
the discharge current dependence of n, by taking only the Penning
excitation processrinto 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 thg Penning excitation rate under the
experimental conditions investigated here, If it is assumed
that the direct excitation process is dominant, the collision

=15 cmz. This is

cross section of it must be of the order of 10
not probable, because the total ionization cross section is of
the same order. Also it was estimated from the measured He' ion
densities that the radiative cascading rates from the high lying
Cd(II) states,which were excited by the thermal energy charge
transfer excitation process,could be negligible compared with
the Penning excitation rate, On the other hand, the rate of the
stepwise excitation from the Cd(II) ground state is large probably,
because the population density of the Cd(II) ground state is
rather large at the optimum condition for the laser action,B)
the threshold energy is low, and the collision cross section
between electrons and ions may be large due to the Coulomb
interaction.18) Therefore, as the excitation proéesses in the
rate equation, the stepwise and Penning excitation processes are
taken into account,

As the destruction process of the upper state, only the
radiative transition ( 5322D5/2 > 5p2P3/2 )" has been assumed

before, However, it has been shown experimentally that the

. non-radiative decay rate of the state due to the electron
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function of discharge current. The calculated results

are shown by the dotted and dash-dot lines.



" Table 8-1, Excitation rates in the He-Cd discharge as a function of dischafge current;

3.5 mmI.D.,initial He pressure of 3.5 Torr, Cd atom density of 1.5 x 1013 cm'3

I (ma) 20 40 60 80 100 140 180 200
N,3g, 53p (cn™>) 5.0 4,9"2 5,112 4.8'%7 4,672 4.6'2 4,62 4,472
Nplg,otp (en™) 87" a5'! 7.4 7210 68!t 7011 7311 6.4

n®  (em™?) 2.0'7 3,911 591 78" 98" 1,412 4,872 012
Negt (em™?) | 10" 1.9 28" 56" 4317 5511 6411 6"
Penning ex, rate 2.,‘,16 2.616 2.616 2‘516 2.516 2‘416 2.416 2.316
(cm-3sec'1)
% Stepwise ex, rate 7.315 2.816 6.116 1.117 1.717 2.817 4.217 4‘917
B (cm'3sec°1)
§ A21 (_533-1) 1.26 - - - - - - -
24 -
B Taar (sec™) | 3.0° - - - - - - -
Voo (sec™) 2.8 4.6° 7.25 9.6 1.5 1.8 2.8 248
N, (™) | 2.0"0 290 3970 5210 7,210 9510 41 g 5t

- Stepwisg ex, rate 2.317 8.717 1.918 3.318 5.018 8.818 1.319 1.519

2 (cm'ssecf1)

& A, (sec™ M) 3,08 - - - - - - -

9 10 .

b

¢ | Trapping

3 | Coortiotent 0.97 0.95 0.935 0.90 0.87 0.85 0.83  0.82

N (e [ 8.0% 309 6,89 1,210 1,910 3410 5 310 4 50

LGt
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de-excitation process and the diffusion process is of the same
order of magnitude as the radiative one.5’6’19’20) This is also
expected from the results obtained with the flowing afterglow

technique in ref.7. The transition probability of the Cd4(II)
[»]
4416 A line is rather small because the transition 5s22D5/2 >

5p2P3/2 involves a change of two electrons in the orbital quantum

number, which is forbidden according to the selection rule., The

non-radiative decay rate can be of the same order as the radiative

decay rate in this case.7)

Then in the steady state, n, is given by
— — e .

ny = > = - (8.1)
Ayq + DCd+/(A.pO/2) + n-6vy,

Here, n,4+ is the population density of the Cd(II) ground state,
M2 is the rate coefficient of the stepwise excitation from the
Cd(II) ground state, whiqh wasmqptained with the’qqllision cross
section and the electron energy distribution function ( EDF )
calculated in Chapters 5 and 6.21) n® is the electron density,
Dy4+ is the ambipolar diffusion coefficient of the cat ions, A is
the diffusion length, p, is the initial He pressures, and g;de

is the rate coefficient of the electronic de-excitation.

In eq.(8.1), as ng, ng, Nyy, and ngg+, the values obtained
in Chapters 4 - 6 were used. DCd+ and ggde were calculated from
the data in refs.5, 6, 19, and 20. As the measured or calculated
collision cross section for the stepwise excitation as a function
of the electron energy, 6M2(u), was not availalle, its value

was assumed in the following way. The measured collision cross
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sections for the stepwise excitations from the Hg(II) ground
state in ref,22 can be well approximated by Drawin’s formula.23>
As the electron configuration of the cd® ion is similar to that
of Hg" ion, it can be assumed that the functional form of 6M2(u)
is given by Drawin’s formula. The peak value of 6M2(u) was assumed
so0 that no calculated from eqg.(8.1) agreed with the measured one
at the optimum condition for the laser action. Figure 8-2(a)
shows 6M2(u) obtained in this manner,

The excitation mechanism to the lower state of the Cd(II)
4416 A line, the Cd4(II) 5p2P3/2 state, is somewhat different
from that to the upper state. The sums of the population densities
of the He(I) excited states, N and Ng, decrease slightly with
the discharge current, decrease with the Cd atom density, and
decrease slwoly at initial He pressures higher than 4 Torr.21)
On the contrary, the population density of the lower state, n,,
increases monotonically 'in any case as shown in Figs.7-6(a),
7-7(a), and 7-8(a). Tnerefore, the Penning excitation process is
never dominant. The direct excitation rate from the Cd(I) ground
state is much smaller than the Penning excitation rate according
to the calculation with the collision cross section in ref.,17.
When it is assumed that Cd* ions in the laser upper state are
de-excited only to the laser lower state by the electronic
collisions, the cascading rate from the laser upper state to
the laser lower state is given by n2(A21 + neggde). In the Cd
atom density dependence of the cascading rate, it has a maximum
at the Cd atom density N,y of 2 x 1013 en™?. But n, has a maximum

at No, of 6 x 1012 em™° as shown in Fig.7-7(a). Therefore, either

cd
the cascading from the laser upper state cannot be dominant.
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On the otiaer hand, the stepwise excitation rate from the Cd(II)
ground state is large probably, because the electronic collision
cross section for the optically allowed transition 5p2P3/2 -
58251/2 is expected to be large and the threshold energy is low

( 5.8 eV ). As the transition probability A,, of the CA(II) 2144 i

line is very large ( 3 x 108 590‘1 )’24,25)

the non-radiative
decay rate can be negligible compared with the radiative one.
Then, in the steady state, n, is given by

e
N N4 M
d
n, = —ld 1 | (8.2)

810

where M, is the rate coefficient of the stepwise excitation

from the Cd(II) ground state. 7, is the trapping coefficient due
to the imprisonment of the CA(II) 2144 ) line, and it is shown
in Fig.7-1 as a function of the optical depth koR. With the
measured population denéity of the Cd(II) ground state, 7% could
be calculated. 71 was not less than 0.72 in our experimental
conditions. The collision cross section 6M1(u) was calculated

in the same way as in the case of the laser upper state. It is
shown as a function of the electron energy in Fig.S-Z(b). The
rate coefficient M, was calculated from 6M1(u) with the non-

Maxwellian EDF,

§8.3. Comparison of Calculated and Experimental Results
The calculated n, and n, are shown by the dash-dot and
dotted lines, respectively, in Figs.8-1, 8-3, and 8-4, and are

tabulated in Tables 8-1~8-3, It can be seen from the figures
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Table 8~2, Excitation rates in the He-Cd' discharge as a function of Cd atom density;

3.5 mm I.D,initial He pressure of 3.5 Torr, discharge current of 100 mA.

Ngy (cm™>) 1,12 3,8"2 6,6'2 1.0 15 257 40
N33 (en2) | 8.2'2 7,92 7.4%2  6.0'2 4612 272 1,277
- ‘ 1 11
Nydgotlp (en) | 1,412 4312 1212 1412 68’ 50 2.0
n®  (em™?) 8.017  8.6'1  9.0" 9.4’ 98"t 1,412 1412
Nogr (em™>) | 3470 1210 7 as" s’ a3 e 76"
Penning ex. rate '3 515 1.116 1.716 AL 5,516 2.516 1.716
(cm'3sec°1)
| Stepwise ex. ?ate 1.316 5.016 ‘7.016 1.417 1,717 2,317 1.517
S -3 -1
2| (em “sec ')
w0 .
H A,, (éeo'1) 1.26 - - - - - -
p‘ -
éﬂ Tay¢ (sec Y 3.0° - - - - - -
Y, (sec™h) | 9,65  1.0% 18 1a® B 48 45
N, (em?) | 6.62 24" 330 6170 7,20 947 6.,0"
. Stepwise ex, rate 17 18 18 18 18 18 18
® o3 3.4 1.3 1.8 3.6 5.0 6.8 6.9
1l (em™?sec™ ')
A -1 8
“ A,y (sec ') 3.0 - - - - - -
()]
2| Trapping .82 0.80
8| o nRinSent 0.99 0.97 0.95 0.91 o.az 0 81 >
N (en) .19 459 629 1,30 1,970 2470 2,

LS
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Table 8-3, Excitation rates in the He-Cd discharge as a function of initial He pressure;
3,5mm I.D.,Cd atom density of 1.5 x 1013 cm':, discharge current of 100 mA.

po (Torr) 1-5 203 305 408 607 906
Ny3g,,3p (em™2) | 2,112 3,112 4.6'2 5.8'2 5,212 3,112
n®  (em™d) 4.4 7.01 9.8 1,412 2,212 3,412
Nogt (em™®) | 4.2V 42" . 43V 4.3 4.3M 47"
]?enning ex. rate 1.016 : 1_.516 2.516 2.916 2._616 1.516
(cm'BBec'1)
° A
L , .
.S StepWiSe ex, rate 10017 1.417 1.717 2.317 2.817 2‘917
: (cm'3sec'1)
§‘« Ay, (sec™) | 1,25 - - - - -
rdif (860—1) 7005 4065 3005 2025 1.65 1015
Vo (sec™) | 5,35 8,47 1,25 1.7° 2,65 418
N, (en”?) 4,610 6.310 7.210 8.410 7.910 5,710
-Stepwise ex, rate 2.818 4.118 5.018 ?.218 9.718 8.318
8| (em™3gec™T) :
3 -1 8
:f; A1o (Sec ) 300 - - \ - - -
4 )
o | Trapping
g Coefficient 0.89 0.89 0.87 0.89 0.89 0.87
SN (en™) 1.0%0 1.510 1,910 2,710 3,610 3,210

6G1
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that the calculated results account for the dependences of the
measured n, &nd L, o1 verious experimental parameters well,

In Fig.&-1, n, increased almost linearly up to the discharge
current of 140 mA, The Fenning excitation rate (nTZ;é + nSZGS)NCd
in eq.(8.1) is saturated at the discharge current below 20 ma
and remains almost constant at the higher discharge currents,
~ are saturated in the low discharge current

S
region as shown in Fig.6-5. On the contrary, n® and Nagt increase

because nT and n

linearly vwith the discharge current and the stepwise excitation
rate nenCd+M2 increases monotonically. The ratio .
nenCd+M2/(nT3;T + nSEGS)NCd is about 9 at the discharge current
of 100 mA., If the absolute value of the collision cross section
for the stepwise excitation is smaller by one order of magnitude
than the present one, n, calculated from eq.(8.1) is saturated
in the low discharge current region and the measured discharge
current dependence of ny cannot be interpreted. This means that
the stepwise excitation process as well as the Penning excitation
process i8 dominant in the excitation processes to the laser
upper state. The saturation of n, at high discharge currents in
Fig.8-1 is caused by the increase in n°3?ae and by the decreases
in nq, ng, and M, due to the reduction of the electric field
strength. ‘ |

In Fig.8-3, n, increases with the Cd atom density and
is saturated at the Cd atom density around 1.5 x 10'° cm™>. The
stepwise excitation rate nenCd-.-M2 in eq.(8.1)lshows a behavior
similar to that of n,. The decrease in nenCd4M2 at the high
Cd atom density is caused by the decrease in M, due to the

reduction of the high energy part of EDF, The Cd atom density
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dependence of (nTévT + nsévS)NCd is also analogous to that of

n, in this case, 5light discrepancies between the Cd atom density
dependence of the measured n, and that of the calculated one

may come from the uncertainty of the electron energy dependence
of the cross section 6y,(u).

In Fig.8-4, n, increases with the initial He pressure and
is saturated at the initial He pressure around 5 Torr,
nenCd.,.Mz/{Az1 + DCd+/(A2pO/2) + neg;ae} follows the same behavior
as n,. The slow change in nenCd+M2 is caused by that the increase
in n® cancels the decrease in M2 and, moreover,_h0d+ is almost

M oep™3 ) in the initial He pressure region

constant (~ 5 x 10
concerned. On the contrary, when it is assumed that only the
Penning excitation process is dominant, the calculated n,
decreases rapidly at high initial He pressures because (nT3Vf +
nSEVé)NCd is saturated at the initial He pressure around 4 Torr
and neBVEe increases.

The assumed value of 6M2(u) as to the laser upper state is
of the order of 10'15 cm2. It can be reasonable because the

collision cross sections for the stepwise excitations from the
"15cm2,26’27)

-16

Ca(II) and Ba(II) ground states are of the order of 10
and that from the Hg(II) ground state is of the oraar of 10
cm2.22)

The above facts show that the stepwise excitation process
from the Cd(II) ground state is the dominant excitation process
to the CA4(II) 5s22D5/2 state as well as the Penning excitation
process,

It is very interesting to note that there is qot a very

considerable difference between the Cd atom density dependence of
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the Penning excitation rate and that of the stepwise excitation
rate. Although it has been assumed from the similarity among the
Cd atom density dependences of the product (nT + nS)NCd and n, that
the Penning excitation process is the most dominant,1) calcula-
tions show that the Cd atom density dependences of the stepwise
excitation rate, the charge transfer excitation rate, and the
direct excitation rate are similar to that of n, also. Therefore,
we can conclude that it is impossible to make clear which process
is dominant among the excitation processes to the Cd(II) 5522D5/2
state only from the data concerning the Cd atom density dependence
of n,. ' |

The excitation mechanism to the upper state of the Cd(II)
3250 2 line, the Cd4(II) 5322D3/2 state, is expected to be the
same as that to the C4a(II) 5522D5/2 state because the Cd(II)

3250 Z sidelight intensity follows the same behavior as the
Cd(II) 4416 A sidelight intensity.

In Fig.8-1, 8-3, aﬁd 8-4, n, calculated from eq.(8.2)
accounts for the dependences of the measured n, on various
experimental parameters well. This means thgt the stepwise exci-
tation process from the Cd(II) ground state is the most dominant one
among several excitation processes to the lower stgte of the
Cd(II) 4416 ) line. In Fig.8-3, n, has a meximum at N,, higher
than 1.5 x 1012 em™? at which n, has a maximum. This difference
is caused by that the threshold energy for the stepwise excitation
to the laser lower state is smaller than that to the laser upper
state. The stepwise excitation rate nenCd+MT does not decrease
until the energy part of u 2 5.8 eV of EDF decreases considerably
and the increase ig n® or Nagt is canceled out by the decrease

in M1.
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In the Te-Cd discharge, Csillag et al. obtained laser

3 \
oscillation at tue CA(II) 441€ A line.zg’ The laser output power

in We-Cd was smaller by two orders of magnitude tnan that in
He-Cd of the same discharge current and electron temperature.3’28>
This difference is czused partly bty that the laser upper state
is never excited by the Penning excitation process in Ne-Cd.
However, it is caused mainly by the following probably. First,

the electron density in Ne-Cd is smaller than that in He-Cd

according to our preliminary experiment. Second, the high energy

part of EDF in Ne-Cd is possibly smaller than that in He-Cd.
In fact, the high energy part of EDF in Ne is smaller than that
in He when the average electron energies are identical between
them.29-31) As a result of these two facts, the population den- .
cities of the laser upper and lower states decrease, Particularly,
that of the laser upper state decreases considerably.

Even if the stepwise excitation process is dominant,
helium is necessary for obtaining the stable discharge, and the
combination of EDF, the average electron energy, electron density,
Cd atom density, and Cd* ion density optimum for the laser action

at the CA(II) 4416 or 3250 4 line.
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$3.4. Conclusion

The excitation mechanisms to the upper and lower states of
the Cd(II) 4416 E line have been discussed on the basis of the
measured electron density, ion densities, and population densities
of the He(I) excited states using the rate eguations and the
non-Maxwellian EDF.

The following points have been made clear: The dependences
of the population density of the upper state of the CA(II) 4416 K
laser line on various experimental parameters have been explained
well by taking into account the stepwise excitation process from
the Cd(I1) ground state, the Penning excitation process, and the
non-radiative decay process, It is concluded that the dominant
excitation process to the laser upper state are the stepwise
excitation process from the Cd(II) ground state and the Penning
excitation process. On the other. hand, it has been assured that
the most dominant excitation process to the laser lower state
should be the stepwise excitation process from the Cd(II) ground

state.
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Chapter §. Conclucsions
The excitation =il saturatio. .aec.ecisce in tae rC Ze-0dT
laser discharge nuve veen discussed guantitatively in tuis

dissertation, and the following results have been obtained,

The modified absorption method developed nere proved to
be useful and accurate in determining the population densities
of various excited states of He(I), Cd(I), and Cd(II) in a
cataphoresis type of PC He-Cdt laser discharge. This method
gives actcurate absorption coefficients in the ultraviolet region
as well as in the visible region. With this method, the
population density of the C4(II) ground state could be determined
directly for tne first time, The modified absorption method
could also be applied to the determination of the absolute
intensities of spontaneous emissions in the PC gas discharge.

The electron energy distribution function ( EDF ) in the
PC He and He-Cd discharges were discussed by comparing the
experimentally determined population densities of the He(I)
excited states with the theoretically calculated ones., It has been
concluded that the dependences of the population densities
on various experimental parameters can be explainéd with the
non-jilaxwellian EDf calculated from the Boltzmann transport equation
consistently. Therefore, the non~Maxwellian EDF has been used
throughout this dissertation.

It has been shown that the electron density in the He-metal
discharge at medium pressures can be determiﬁed conveniently
with the modified double prove method even in the case of the

non-Maxwellian EDF, The electron density determined with this
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method is in good agreement with that obtained with the microwave
cavity technique by other investigators.

The He* and Cd* ion densities in the PC He-Cd' laser
discharge were separated by combining the modified absorption
method with the modified double probe method, They are also
checked with the theoretical calculations, and it has been found
that the dominant ionization process of Cd atoms 1is the direct
ionization process, The Penning ionization rate of Cd atoms
is not more than 10 % of the total ionization rate of Cd
atoms, This is a very interesting result about the ionization
mechanisms in the PC He-Cd' laser diséharge, where the Penning
ionization process has ever been considered to be the most
dominant ionization process of Cd atoms,

The population densities of the He(I) excited states were
determined experimentally with.the modified absorption method,

and calculated théoretically with rate equations., Especially

in the discharge current dependences of them, it has been made clear

for the first time that the satufation of the population densities
of the He(I) 233 and 2's states in the low discharge current
region is caused by the fact that the electronic de-excitation
rate of the procesé He(238.o£ 218) + e » 39(23P'or 21P) + €
dominates over the diffusion losses or the stepwise ion;zation'
rate He(23S or 21S) + e » Het + 2e in the discharge current
region of I > 10~ 20 mA, The CA(II) 4416 and 3250 X sidelight
intensities, however, increased monotonically ﬁith the discharge
current up to a discharge current around 140 mA, This suggests

that we have to take into account other excitation processes to
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tne laser upper states in addition to the renning excitation

process.,
The populetion densities of tine upper and lover states
of the Cd(I11l; 4416 i line were determined by combiring the
laser gair measurement and the modified absorption metnod., It
has been found that the population density of the laser lower
state cannot be neglected compared with that of the laser upper
state while it was neglected so far in the interpretation of metal
vapor lasers generally. This was assured from the discharge current
and initial He pressure dependences of the laser output power.
Therefore, it has been shown that the saturation mechanism of
the CA(II) 4416 & laser output power cannot be interpreted
unless the population densities of the laser upper and lower
states are taken into account.
The excitation mechanisms to the laser upper and lower
states were discussed finally using the measured perameters,
It has been found that the dominant excitation processes to the
laser upper state are the stepwise excitation process from the
Cd(II) ground state and the Penning excitation process, The most
dominant excitation process to the laser lower state is the
stepwise excitation process from the Cd(II) ground state.
Also it has been pointed out that we cannot .decide which
process is dominant among the excitation processes to the laser
upper states only from the Cd atom density dependence of the
CA(II} 4416 or 3250 i sidelight intensity. Actually, also the
CA(II) 5337 ? sidelight intensity, whose upper state was excited
by the different excitation processes, followed a behavior

similar to the CA(II) 4416 or 3250 A sidelight intensﬁty.
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As mentioned atove, most of tie essential parts as to tae

'O ne=sG laser -ave veern nade

trd

excivation rmecuznisnz in the
clear in txis ctuay. .everineless, in orcer to maxe 1tie€

excitation nechanisms clear more (uantitatively, 1t 1is necessary

to solve the Tollowing problems,

In Chepter 4, we introduced the nominal electron temperature,
ijowever, its ieening was not given there tecause tne calculaticn

of the electron current to tie douvle probe was difficult on
account of the collisions of electrons witn e atoms.

In Chapter 8, it has been concluded that the stepwise excita-
tions from the CA(II) ground state to the laser upper and lower
states play significant roles in the population inversion
mecihanisms, At that time, we used the values of the collision
cross sections of the stepwise excitations inferred from the
rnieasured populeation densities of the laser upper and lower states,
In future, it is indispensable to measure those collision cross
sections,

The radiative decay rate of the upper state of the Cd4(II)
4416 L line nas veen measured by several investigators. It is
necessary, nowever, to measure accurately the total decay rate
in tne discharge Qondition suipable for the laser action because
the electronic de-excitation rate and the diffusibn loss rate
cannot be neglected compared with the radiative decay rate,

As the population densities of various excited states and
the electron density all have been determined on the tube axis
and the excitation mechanisms have been discussed there, the radial
distributions of those population densities scarcely influence

on the results and-conclusions described here, However, it is

A




necessary to umeasure the radial distribution of eaci density
in irnvestigating the excitation mechanisms more quantitatively

in future.
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