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However, if I had waited long enough I probably never would
have written anything at all since there is a tendency when you
LA really begin to learn something about a thing not to want to write

about it but rather to keep on learning about it always and at
no time, unless you are very egotistical, which, of course, accounts

for many books, will] you be able to say: now I know all about this

and will write about it.

Ernest Hemingway
"Death in the Afternoon'
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ABSTRACT

The techniques of absorption and perturbation spectroscopy have
been applied to the He-Cd laser discharge to determine species densities,
excitation rates and de-excitation rates of relevance to laser oscillation
on transitions in the cadmium ion.

The first section of this work destribes the use of a line
absorption technique to measure helium singlet and triplet metastable
densities in a 3 mm bore capillary tube for both pure helium discharges
(current range 10 - 200 mA, pressure range 0.5 - 15 torr) and for He-Cd
discharges. For the pure helium discharge, with constant discharge
current, the singlet and triplet densities show pronounced maxima of

12 3 and 9 x 1012 (;m-3 respectively around 2 torr. At constant

2 x 107“ cm™

pressure the metastable densities saturate for currents above about

20 mA. The measured triplet densities are in fair agreement with values

calculated using known cross-sections for production and loss processes.
The addition of cadmium vapour has two principal effects: the

nmetastable populations are almost halved when the optimum cadmium

‘pressure for lasing is present while the current saturation is displaced

 towards higher currents (60 - 120 mA). The observed optimum performance

of the He-Cd laser with respect to discharge current, helium filling
pressure and cadmium partial pressure is related directly to the behaviour
of the helium metastable densities as these parameters are varied.

The second section describes the application of the technique
of perturbation spectroscopy to the helium-cadmium laser. Chopping the |
radiation field inside the cavity of the laser operating at 44168 induces
perturbations in the populations of the 552 2D3/2,5/2 and S5p ZP:,)/2
levels of the cadmium ion. Analysis of the perturbations of the

22

5p zPs/2 and 5s D5/2 populations shows that the ratio of non-radiative




to radiative de-excitation rates for the latter level (the upper level

of the 4416} laser transition) is 0.9 + 0.2, with little dependence on

22

discharge conditions. From the 5s D, /2 population changes the cross-

section for excitation of this level from the 552 2

collisions is found to be ~ 7 x 10710 op?,

DS /2 level by electron

NOTE :
The principal results of the experiments described in this thesis

have been published as follows:

(a) Browne P G and Dunn M H 'Metastable densities and excitation
processes in the He-Cd laser discharge' J Phys B:Atom Molec Phys
6 1103-1117 June 1973

(b) Browne P G and Dunn M H 'Perturbation spectroscopy of the He-Cd
laser discharge' J Phys B:Atom Mvlec Phys 7 May 1974
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CHAPTER I

INTRODUCTION
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Prior to 1968, metal vapour lasers were little studied. The
principal work concerned only the discovery of new lasing transitions
with pulsed excitation. Very little diagnostic examination of
particular systems was reported. The basis of the antipathy to metal
vapour lasers was twofold: first, these systems did not exhibit any
outstanding features in their performance compared to sinéle gés or
gas-mixture lasers then available and second, the containment of
corrosive and poisonous metal vapours at temperatures up to 1000°C
posed many experimental problems. |
This situatidn was radically changed by the two papers of Silfvast (1),

(2),'in which contintious laser oscillation was reported on the 44163

253 Rl
DS/Z 5p P3/2 and

2 3 2 ;
D3/2 5p Pl/Z respectively). The latter transition remains the

and 3250R transitions of the cadmiym ion (5s
SS2 2
3 shortest waveleng?h at which continuous laser oscillation has been
obtained. Laser powers of the order of 100 mW at 44168 and 20 mW

at 32508 are now commonplace. The active medium of this laser is the
positive colum of a helium capillary discharge which is seeded with

the metal vapour.

Shortly after the above reports a simple and elegant technological
development by Sosnowski (3) and Goldsborough (4) eliminated the need
for a continuous oven along the length of the discharge tube. It has
long been known that in a discharge in a mixture of gases the constituent
with the lowest ionization potential is pumped towards the cathode - an
effect known as cataphoresis (5). Sosnowski (3) end Goldsborough (4)
found that if a few pellets of the metal were placed inside the laser
tube at the anode end of the capillary discharge and heated by a small
oven the metal vapoﬁr was distributed uniformly along the tube by
cataphoresis. Further, by making a short section of the tube near the

cathode with a much larger diameter than the capillary, the metal
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could be condensed as the walls of the enlarged section were much
cooler than the walls of the capillary tube.

Three parameters are found to affect the laser power produced
by cataphoretic lasers - the cadmium oven temperature, the discharge
current and the helium filling pressure. Pronounced maxima are observed
in the output power as a function of each variable (with the other two
fixed). Optimum power is obtained .for currents of about 100 mA,
oven temperatures about 200°C and helium £illing pressﬁres of 3 torr.

The He~-Cd laser is therefore a convenient source of coherent
radiation in the deep blue and ultraviolet regions of the spectrum.
Output powers are in the range between those of the low power
He-Ne laser (1 - 10 mW) and the argon ion laser (1 - 10 W). Naturally
this inspired various studies of the laser discharge to clarify the
excitation processes producing the population inversion necessary for
laser oscillation. These studies will now be briefly reviewed.

Silfvast proposed (1), and it is now generally accepted, that
Penning collisions between helium atoms in the singlet-and triplet
metastable states and ground state cadmium atoms simultaneously
ionize the metal and excite the upper laser levelg, according to the
reaction

2 2

o+ -
¢ ~—i2 o
Hem + Cdg Cd (57 D 2] * Heg e+ AR [1il)

21E.57
The subscripts m,g denote metastable and ground states respectively,

and AE the excess energy of the reaction.
Schearer and Padovani (6) and Riseberg and Schearer (7), by
measuring decay rates of spectral lines in a He-Cd static afterglow,

15

determined a value of 4.5 x 10 cmz for the total de~excitation

cross-section of heliup triplet metastables by cadmium ground state atoms.
\/
Cermak (8) deduced cross-sections for excitation into individual states

of the cadmium ion (including the ground state) by an analysis of the
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kinetic energy of the electrons produced in Penning collisions.

Cross~sections for the excitation of cadmium ion levels by
electron collisions with ground state atoms were determined by
Varshavskii et al (9), while the electron densities under lasing
conditions were measured by Dunn (10).

Using a flowing afterglow technique Webb et al (11), determined

" the relative contributions of Penning collisions and charge transfer

collisions to the excitation of upper laser levels in a wide range of
metalé. For the laser transitions of iﬁterest here it was found that
the contribution df charge transfer excitation was negligible.

Because of their role in the excitation of the upper laser levels
it is important to know the number densities of the helium metastable
atoms under conditions appropriate to laser oscillation, and also their
dependence on the discharge parameters : current and the partial pressures
of helium and cadmium. The validity of the excitation mechanism
(equ. (1.1)) can then be further checked by comparing the parametric
behaviour of the metastable species and the laser output power.

As there are no radiative transitions from the helium metastable
levels, their‘densities can be measured only by absorption techniques.
The first section of this thesis describes the application of the
re~absorption technique of Harrison (12) to measure the absorption
coefficients of transitions terminating on the metastable levels

1 1 3

G3p 1P - 25 15 at 5016R, 4p 'P - 25 'S at 39658 and 3p P - 25 35

“at 38898). From the absorption coefficients, the Einstein A - coefficients

and the transition line shapes, helium singlet and triplet metastable
densities have been determined. Chapter II discusses the theory of
the absorption experiments and Chapter III its application to the
determination of metastable densities in a pure helium discharge. In

Chapter IV the influence of cadmium vapour on the metastable densities
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is then considered. Appendix I describes the construction and operation
of a cataphoretic He-Cd laser. The laser power at 44168 is shown as
a function of the operating parameters.

The second section, Chapter V, concerns the perturbation spectrum

of the He-Cd discharge. Chopping the 44168 laser radiation perturbs

22

the populations of the 5s DS/Z level (the upper laser level), and

the 5p 2P3/2 and 552 ZD3/2 levels of CAII. Analysis of these perturbations
with two- and three~level models and the appropriate rate equations

enables the relative pumping rates of the upper and lower laser levels

2 2y

(Ss » Sp 2P respectively) to be determined, as well as the
5/2 3/2

rate of non-radiative de-excitation of the upper laser level. Analysis

2

of the perturbations of the Ss2 D3/2 level population allows the cross=

sections for excitation to this level from the 5p ZPS/Z and 5% %D

5/2
levels by electron collisions to be estimated.
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CHAPTER 1II

THEORETICAL ANALYSIS OF THE ABSORPTION EXPERIMENT
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|
2.1 Introduction

All the methods for determining metastable densities involve
measurement of the absorption of 1inés teminating on the metastable
levels. Emission spectroscopy cannot be used because of the low
transition probabilities for radiative decay from metastable levels.
Line absorption techniques ustally require two separate but identical
discharges - one acts as a source and the other as absorber. This ensures
similar line profiles for emission and absorption and is one of the few
cases where the analysis of results is Irelatively simple (the Ladenburg ~
Reiche case (13)).

As the eventual object of' this work is the stud} of the helitmi=
cadmium discharge the problem arises of maintaining two such discharges
identical over the time periods required for the absorption experinments.
Experience with the laser system (Appendix I) has shown this to be
rather difficult.

It was decided, therefore, to use the reabsorption technique
described by Harrison (12), in which one discharge acts as both source
and absorber. In this technique the light emerging from one end of
the discharge tube is reflected back into the tube by a plane front -
aluminised mirror with calibrated reflectivity. The fractional
absorption of the discharge is then determined by comparing the signal
due to the light entering a spectrometer directly along the tube axis
(with mirror covered) with the signal due to the additional light
reflected back through the tube when the mirror is uncovered.

Stops are necessary in the light collection arrangement to ensure
that reflections from the tube walls are avoided and that each volume
element along the axis of the discharge (and its image in the mirror)
radiates the same amount of light into the spectrometer.

With the light collection system thus defined, the absorption
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coefficient, kv, for the transition under investigation can be calculated
from the measured fractional absorption, knowing the active length of
the discharge and the transition line profile (13).

This chapter discusses the optical design criteria of the absorptioﬁ
experiment including diffraction effects at the stops involved. The
re-absorption technique is analysed for a simple Doppler-broadened
line, and the analysis is extended to a line consisting of overlapping
fine-structure components. Factors influencing the line profile in

a capillary discharge in helium are discussed and experimental measurements

" of the Doppler width of the 50168 (3p Ip . 25 1S) helium line considered.

2.2 Optical Design Criteria

In order that the absorption coefficient for a particular spectral
line may be determined from the changes in its intensity produced
by the presence of the mirror, stops must be placed in the optical
system to ensure that similar volume elements of the plasma along the
axis of the discharge contribute similar intensities to the spectrometer
slit (in the absence of absorption), ie the effective volume element
must be independent of x, the distance from stop A  (Fig. 2.1).

This is arranged by placing two circular stops between the tube
and the spectrometer slit. The principal stop, A, is in contact with
the tube end nearer the spectrometer and the smaller stop, B, is
immediately in front of the spectrometer slit.

The analysis of the geometry of such an arrangement is a
modification of that of Harrison (12) to apply to a system with
circular (instead of rectangular) stops.

The plasma is taken to be a uniform cylinder of length d and
diameter 2D (Fig. 2.1). The plasma tube is separated from the mirror

by a distance a, and stop A from the spectrometer by a distance z.
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The acceptance angle ¢ defined by the stops A,B must be small enough
to ensure that the light collected comes wholly from within the tube

(or its mirror image) and not indirectly by reflections from the walls,

ie 26 < -....—......Z_P......ER......

2a+2d + FR
where r,R are the radii of stops B,A respectively.
But 2 = SRLNSY

zR

» 2R A1) 2D
e Z b ZR
2a+2d + TR

ie 2(R+r) (a+d) + 2R ¢ Dz
But 2(a+vd) = L
L(R+r) + zZR ¢ Dz (Z.1)

We require further that the fraction of 1light gathered from edch

volume element is limited by the smaller stop B.

2R
I—Z

If both conditions (2.1) and (2.2) are fulfilled, the volume dV'

. r
ie s (2.2)
of the element at x (of thickness dx) in the discharge contributing
light to the slit is given by
1
av' = w(R + xR0
and the fraction of light, emitted by any source within this element,

which enters the spectrometer slit is (assuming no absorption along

its path)
~mwrz
2
4 (24+X)
Thus the 'effective volume' dV of this element is
2
T, R+ x5 ax (2.2a)
4r (z+X)

For r << R, dV is given by

av= I  gRr+ER?a,
At (24+X) -
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2 w2
R
= I o dx (2.3)
4z
which is independent of x.
1L
From (2.2) we have, R > e »
From (2.1) we have %‘-’i > R. Hence the limits on R are given by
L Dz
Lz ¢ R ¢ o

Since r << R, the left hand inequality is always fulfilled and the
condition on R becomes

RSm .

The geometry for optimum light gathering is now determined.

Let r = kR (where k << 1). Substituting

= Dz_
Ltz

in equation (2.3) gives

2
dv=%n4k2 2 dx .
(L+z)

R

Differentiating dV with respect to z gives the value of z for

optimum light gathering,

: d Z
1e e {

az (L+z)4
whence, for optimisation, L = z and R = ?IZ)- Further r ~ ]-]?—d for k = 1/5.

3 =00

Thus we obtain the arrangement of stops for optimum light collection,
at the same time ensuring that the light received from each volume |
element in the discharge is independent of the distance from the slit.

In the experiment described in the next chapter convenience in
the experimental lay-out necessitated deviations from this optimum

arrangement. Specifically, the following values were used:

spectrometer-step distaiice z = L/2 (= 22 cm)
tube diameter 2D = 3 mm
radius of principal stop R = D/3 = 0.5 nm

)]

radius of smaller stop r = [/15 = O.1 mu ,
With this geonetrical arrangerzat e cendition that dvV is independent
of x vill »a bo re-oxamiined.

From equation (Z.2a), without the approximation r << R being rade,
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we obtain after re-arrangement

2 Xr 2
av =" Ry 4 Rzt &

4z
whence we have
2 2
LM RE 2r X 5 . 2.2b
dv = o {3 % gron) B ( )

The second term in brackets in equation (2.2b) is the correction
term giving the dependence of dV on x. For the extremes of the geometrical
arrangement defined above, ie x = 44 cm for z = 22 cm and %{- = %we have

2§ 5= = 0.27 .
Thus at the point in the mirror image of the tube farthest from the mono-
chromatqr there is an additional contribution of 27% to dV due to the
dependence of dV on x.

For given values of R, x and z this additional term may be made as
small as desired by reducing r, the radius of the stop at the spectrometer,
since the correction term 2 %,:——Z—}}—( is linear in r. However, the light
collected by the stop at the spectrometer is proportional to rz, so that
as T is reduced to weaken the dependence of dV on x the amount of light
collected is reduced even faster.

The choice of stop size, r, is therefore a compromise between that
which defines a precise geometry and that which enables sufficient light
to be collected.

For the absorption cell to be described in the following chapter
(Section 3.2) the discharge occupies the central 3 cm of a tube 20 cm

Rm ’ is 0.13

for volume elements within the cell and 0.27 for volume elements in /the

long. With the above geometry the correction term, 2

mirror image of the cell. Thus the signal from the mirror image is over-
estimated by ~11%, which leads to an underestimate of the metastable
densities. This is offset, to a certain extent, by the overestimate of
metastable densities produced by uncertainties in the precise abgSrption

length (see Section 3.2).
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‘2.3 Diffraction Effects at Stop A

Having placed a émall stop at A it is necessary to ensure that
diffraction effects at this stop do not lead to a significant loss
of light-collecting capability. Fig. 2.2 illustrates the situation
and defines the co-ordinate axes.

Oy the angular extent of the Airy disc of the diffraction
pattem produced by the stop, is

by ™ 1.2 %E
For the experiments described here Ax = 1 mm and the maximum
value used for A is approximately 50008. Hence oy has a maximum value

4

of 6 x 10 " radians.

The minimum collection angle G is given by (Fig. 2.1)

2R
SC'\' -—E.
Thus, for these experiments, o has a minimum value of 3 x lO—3 radians

and diffraction effects at stop A may be neglected.

2.4 Analysis of the re-absorption technique

Having established the optical design criteria the theory of the
Ladenburg-Reiche line absorption technique (13) as applied by Harrison (12)
will now be discussed.

As described above the experiment is arranged so that 26 (z+2d+2a)<2D
(Fig.2.1). Let F be the fraction of nommally incident light reflected
by the mirror, and Fq the fraction of normally incident light transmitted
through the quartz window. From section 2.2 the volume of an element

d¥ of plasma which can radiate into the spectrometer is

v ﬂrsz

422
If the intensity emitted in the frequency interval dv is I dv

ax

per unit volume of plasma, the total intensity of the emitted line is
I= IIv dv where the integral is perfommed over the line profile,

If the light from the volume element is absorbed according to
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Lx = Lo XD (_k\) X)
where kv is the absorption coefficient (in cm"]‘) for light of frequency v
and x is the absorption path-length, then the total intensity of light
reaching the spectrometer directly is
: 2
- 2 R
I, = %) Fq I, mt” —— exp(-k x) dx dv .
VvV o dz
Similarly the intensity of light reaching the spectrometer after
reflection from the mirror is

.= [ [frp31 rZBE—-exUk(d—x)}ex(-kd)dxdv.
R‘£IO~1'T<1 Ll PR WRRIRERLEN

Z

The ratio Ip/T  is measured experimentally and it is from this
ratio that the absorption coefficient at line centre and hence the
number density of the absorbing species may be determined.

Consider first a single isolated Doppler-broadened. line. For -
this case we may write

2
K, =k, exp(-p?)

it

2
I, =1, exp(-p")
2(v=v )

where 0 1
p=- (an2)2
AvD
1
i .2
and vy = 2(2R n2) v (-T)% -
c o M
Avp is the (full) Doppler width between half intensity points of the

line centred at v,» Cthe velocity of light, ® the universal gas
constant, M the molecular weight of the gas and T its absolute
temperature .

With the above substitutions the ratio IR/Io reduces to

I
R < 2
Tg = F Fq G(kod)
[ (1-A)A dp
where G(kod) = ‘71!;—(-1:-‘&5'—&5—— (2 04)
and A = exp(-k _d exp(-p).

Mitchell and Zemansky (13)-tabulate values of G(kod) as a function

of kod calculated by Ladenburg and Reiche for a single Doppler broadened
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line. The k d values determined from the experimental G(k d) measurements
are then related to the number density of the absorbing atoms N1 by
the equation WL 2

= “an ey 1) _u o _“1_. _B_
kod i A\)D/\l w  8n g, Nl (1 g, Nl) A\ll d (%3}

where Au1 is the Einstein coefficient for the transition at wavelength
Ay (frequency vo) from the upper level u (population Nu’ statistical
weight gu) to the lower level 1 (population Nl’ statistical weight gl).
Thus, if Avp and A;; are known, and if the condition N, << g N;
is fulfilled, the k0 values derived from the measured fractional
absorption yield values for fhe density, Ny, of the absorbing species.
In our case the absorbing species are the metastable levels of ﬁelium.

If the condition g, << guNl is not fulfilled then only the reduced
: 1 : :
number density Nl(l - E;NED can be determined.

2.5 Factors Influencing Line Profiles

The causes of the broadening of the individual components of
spectral lines will be considered first. Fine structure effects are
considered in a later section.

For low pressure glow discharges the principal mechanisms which
must be considered are Stark broadening, natural (or homogeneous)
broadening, collision broadening and Doppler broadening.

The width of helium lines due to Stark broadening can be
calculated from the theoretical broadening constants tabulated by

12 ™3 (10) the Stark

Griem (14). For an electron density of 10
widths lie in the range 3-30 Miz.

Fugol et al (15) show that the natural widths of the'heiium lines
are in the range 1-4 Miz, and derive empirical relations for the
widths due to collision broadening., For a temperature of 600K and helium
pressure of 10 torr the widths of the helium lines due to collision

broadening are in the range 70-130 Miz.

The Doppler effect, arising from the random thermal velocities
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of the emitting atoms, produces in spectral lines a frequency distribution
whose full width Avy, at half-power points is given by

AvD

w0 & 18w 1077 (H?
where Vo is the centre frequency of the line and M is the molecular
weight of the gas whose absolute temperature is T.

For the He-Cd discharge where T = 600K, the resulting Doppler
widths in both helium and cadmium lines are of the order of 1 GHz at
5000R.

Thus it is clear that the Doppler wid;chs of the studied lines
are much greater than the widths produced by other broadening mechanisms
and the above analysis of the line absorption technique for a Doppler

broadened line may be applied.

2.6 EBxperimental Examination of Line Widths

Line widths of the order of several gigahertz can be measured
most conveniently with a scanning Fabry-Perot interferometer. The
50168 helium line (3p 1p - 2s 18) from a pure helium discharge was
examined using such a device with a reflection finesse of 50.

This line has the advantage of being a singlet-singlet transition and
thus it exhibits no fine structure which would complicate the line~
shape. It is also one of the more intense lines in the spectrum
emitted by the helium discharge.

The experimental arrangement is shown in Fig., 2.3. The mirrors
of the interferometer were separated by 6 mm giving a free spectral
range of 25 GHz. One mirror was mounted on a piezoceramic transducer

3
the 150 V sawtooth from the oscilloscope. A lens of focal length

which could be scanned over approximately I free spectral ranges with

105 mm focused the fringe pattermn so that the central spot lay
symmetrically around a 50 y pinhole at the monochromator input slit.

(The central spot diameter was approximately 2 mm, thus the pinhole
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. finesse is 40). The output of the photomultiplier, with the mono-
chromator set at 50168, was displayed on an X-Y recorder as the piezo-
ceramic was scanned by the sawtooth voltage. Sufficient intensity
was available that recourse to more sophisticated detection systems
(such as lock-in amplifiers) was unnecessary.

Typical results are shown in Figs. 2.4a,b for line widths as
a function of current at constant pressure, and as a function of
pressure at constant current. The experimental accuracy is of the
order of 10%, due principally to thermal drift of the interferometer.

It is evident that the line widths vary little over the current
range 50 -~ 150 mA and the pressure range 1 - 10 torr. The full width
at half maximum under these conditions is about 5 GHz.

This observed line width must be ascribable to ﬁoppler broadening
since the 5016R transition in helium at 600K has a theoretical Doppler
width of 5.2 GHz, which is much larger than the width produced by any
other broadening mechanism. (600K is a value for the temperature
inside the discharge obtained from the measured outside wall temperature-
and the calculated temperature drop across the quartz wall of the
discharge tube.)

The Doppler effect is also the most significant source of line
broadening for the other lines examined in this work, In the analysis
of the absorption measurements a constant Doppler width corresponding
to a gas temperature of 600K has been -assumed for all lines.

It should be noted that a change in gas temperature from 480K
to 740K changes the Doppler width by only 10% and so the calculation
of metastable densities from fractional absorption measurements is only
weakly dependent on the gas temperature.,

2.7 Structuve of the Examined Lines and Absorption of a Line with

Overlapping Compounents

Of the lines investigated, at SOlﬁR, 39658 and 3889% in helium
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and 3261R in cadmium, only the first two are simple single Doppler-
broadened lines for which the analysis of Ladenburg and Reiche may

be directly applied. These two lines arise from transitions between
levels in the singlet spectrum of helium which exhibit no fine structure.

When the components of a line overlap, the absorption can be
evaluated only by numerical integration. Values for G(kod) can be
found once the form of k»d as a function of frequency is known.

The kod value is calculated first for each component in the
line structure, and each component is assumed to have a Doppler
profile. If there are n components to the structure, their relative
intensities I(i) (i=1...n) give the equation

ka® e a®: k@ ® D@, W
The relative intensities are obtained from the theoretical intensity
rules for multiplets together with, in the case of fhe cadmium line,
the relative abundances of the isotopes.

The one remaining equation necessary to find all the kod values

is given by a modified form of equation (2.5):

2
. N

LR n 5 b &y &Ny

ee.W[’rnz ) iil(kod) " M g Ny (L g, N“'l) d

Nual are now the total populations over all components of the structure
of the levels. (For the 3880% He line the upper level (3P) has sublevels
with J = 0,1,2. The g value for this case is the sum of the g values
~of the individual sublevels, ie 9).

The required number of Doppler profiles ggé drawn so that each
curve has a maximum value equal to one of the kod values and a width
of Avyy. The separations between the centres of the curves are equated
to the measured separations of the components of the line. The
individual profiles are then added, giving a resultant curve of kvd

as a function of v. Then the integrals of (1-A) and A(1-A) are found
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(where the general form A = exp(—k\,l) is used in equation 2.4)

and the absorption evaluated as a function of Nd (or more correctly
Nl (1 - "g%; ;—j}lil-)d, the product of the reduced number density of the
absorbing level and the absorption length).

The helium line at 3880% is found, when examined with a high
resolution interferometer (16), to be a closely spaced triplet. This
triplet structure arises from the different energies possessed by the
J = 0,1,2 sublevels of the 3 upper level of the transition. The
splittings of the components are 5-6 GHz (16) which is slightly less
than the Doppler width of 6.8 GHz for each component at 600K.

The structure of the CdI resonance line at 3261R (5 3Pl - 5180)
has different origins. First, the isotope shifts of the line must
be considered since the cadmium used was of normal isotopic composition
with eight stable isotopes. Second, the hyperfine splitting of the
line due to nuclear spin must be considered for the two stable
isptopes with odd atomic number. The other isotopes with even atomic
nuﬁbers have zero nuclear spin, which has no effect on the structure
of the line. The detailed styucture of the line was derived from the
results of Brix and Steudel (17), Kelly and Tomchuk (18), and Kuhn
and Ramsden (19).

The structures of the 38898 helium line and 3261 cadmium line
together with the theoretical intensity ratios of the components are
shown in Figs. 2.5 and 2.7 respectively.

The @};ove integration procedure was performed for each line by
an IBM 1130 computer. Details of the computer programmes are given
in Appendix II. The results of these calculations, ie graphs of the
absorption fimction G(kod) versus the product of the reduced number
density of the absorbing level and the absorption length, are shown

in Fig. 2.6 for the helium triplet metastable level (absorption at
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3889R) and Fig. 2.8 for the cadmium ground state neutral density
(absorption at 32613). It must be emphasised, however, that these
curves are valid only for a Doppler width corresponding to 600K.

Further, the influence on the absorption coefficient of collisional
broadening up to 200 MHz in addition to Dpppler broadening of 5.2 GHz
was examined (20) for the 50168 singlet line by computer integration
over the resulting Voigt profile. It was found that for the range of
values of fractional ébsorption observed in the experiments, the

approximation of a simple Doppler profile was adequate.
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CHAPTER III

METASTABLE POPULATIONS IN THE PURE HELIUM DISCHARGE
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3.1 Introduction

This chapter considers the measurement of metastable densities
in a pure helium discharge, after describing the constructipon and
operation of the capillary discharge cell in which the metastable
densities in both pure helium and helium-cadmium discharges were
measured.

The results for singlet and triplet metastable densities in pure
helium discharges are presented. The two principal features of these
results are:

(i) Both the 2 35 and 2 !

S metastable densities initially
increase rapidly with increasing discharge current, but for currents
above 20 mA and pressures below 2 torr they become independent of the
discharge current.'A decrease in measured metastable densities with increas-
ing current for pressures above 2 torr is shown to be caused by the |
presence of significant populations (z 10% of the metastable populations)
in the upper levels of the transitions on which the absorption is
measured.

(ii) The saturated populations are dependent on helium pressure,
initially rising rapidly with increasing pressure ‘to a maximum
around 2 torr, and thereafter decreasing slowly as the pressure
increases further.

In the final section, the triplet-metastable density is
derived theoretically by considering the various documented production
and loss processes for this level.' The broad features of the behaviour
of the triplet metastables are explained, and satisfactory agreement
is obtained between calculated saturated densities and the measured
values. A similar treatment is then applied to estimate the

1

populations of the 3 P level, to allow a comparison with the metastable

population.
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3,2 Apparatus and Experiment

The construction and operation of several trial absorption cells
with diameters 5-25 mm and lengths 3-15 cm showed that three requirements
had to be fulfilled by the final design of the capillary absorption
cell. First, the length of the positive colum along which the absorption
was measured had not to exceed 3 cm. Lengths greater than 3 cm gave
a large amount of absorption (G(kod) < (0.3)) and,in consequence, little
variation in this quantity with large changes in metastable density
(see Fig. 2.6). Seconid, as the ultimate aim of this work was to examine
the He~Cd laser discharge, a means of introducing cadmium vapour into
the discharge had to be provided as nedr as possible to the anode end
of the absorbing region. Third, flaring of the discharge at discontinuities
had to be prevented since this could produce considerable uncertainty
in the absorption length. The flaring effect was particularly evident
for pressures less than 2 torr. (Even if flaring is completely avoided
there still remains uncertainty as to the exact absorptioh length owing
to diffusion of the metastables from the ends of the discharge region.
The effective absorption length is therefore greater than the discharge
length by approximately twice the capillary diameter. Diffusion effects
may make the absolute values of the metastable populations uncertain
by 20%.) _

The final design of the absorption tube is shown in Fig. 3.1. The
tube was of quartz. At each end of the tube a quartz disc of
Schilieren quality was gttached by !'TorreSeal' such that the disc was
perpendicular to the tube axis. At the anode end of the absorption
region (of length 3 cm and diameter 3 mm) a sharp boundary to the
discharge was obtained by forcing it to run into the capillary through a
gap of 0.5 mm. It was found that by making the side arm connection

to the cathode of approximately the same diameter as the capillary,
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flaring of the discharge was avoided. When cadmium was present in

the diécharge most of it was found also to turn the corner and condense
in the cathode bulb, although a much smaller amount condensed on the
capillary walls beyond the discharge regiom.

Cadmium wire (SN purity) of natural isotopic composition was
placed inside the outer jacket which was surrounded by a flexible
oven- (Electrothermal HR 5/2/4) whose temperature was stabilised to
. 1¢° by a temperature controller (Ether "™igi'"). The metal vapour
entered the discharge through a 2 mm wide slit cut in the wall of the
capillary with a diamond saw. As this hole was less than 2 mm
from thé anode end of the capillary discharge, the absorbing length was
taken to be the same (3 cm) for bgth pure helium and He-Cd discharges.

The overall experimental arrangement is shown in Fig. 3.2.

The tube was rigidly mounted on an aluminium base, which was clamped
onto an optical bench with saddles allowing accurate positioning in
the vertical and transverse directions. The optical bench supported
the grating monochromator (Carl Zeiss SPM2) whose output was detected
with a photomultiplier (EMI type 9594 QUB). The photomultiplier was
found to have a linear response for output voltages up to 500 mV
across the 100 ko anode load resistor. The exit slits of the mono-
chromator were always set sufficiently wide to allow the light from
the entire profile of the chosen line to be incident on the photo-
multiplier.

The principal stop, of ebonite (with a black and non-reflective
coughened surface) glued to one quartz window of the cell, was 22 cm
from the 200 u pinhole at the monochromator inlet slits. At the
other end of the cell the plane front-aluminised mirror was supported
by a laser-mirror mount to obtain fine adjustment of its alignment.

The capillary tube and the stops were aligned using a
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cathetometer (Wild) to define the optical axis of the system. The
mirror was then mounted in position and, with the discharge running
adjusted to obtain maximum reflected signal on a line showing little
absorption. The reflectivity of the mirror was measured by Optical
Coatings Ltd over the range 3200 - 65008 using'a spectrophotometer (Cary)
Manufacturer's specificgtions for the transmission, Fq, of the quartz
windows were used (see Section 2.4). These values were found later
to be in precise agreement with values measured with a Pye-Unicam
spectrophotometer in this department. Further, the value of the
reflected signal measured for the 4416R laser line when cadmium was
present in the discharge was compared with the valué derived from the
above transmission and reflection data (but ignoring the slight gain
in the intensity of the line along 3 cm). Agreement to 2% was found.
Monitoring the magnitude of the 44168 reflected signal was a convenient
means of checking that cadmium deposition was not altering the transmission
of the quartz window near the mirror.
Helium of 4N5 purity was used (BDH "Labgas') and the filling
pressure measured with a Bourdon gauge which had been calibrated
against a McLeod gauge over the range O-15 torr. The discharge current
was provided by a 5 kV, 200 mA smoothed but umregulated power supply.
The output of the photomultiplier (taken across the 100 ke anode
resistor) was recorded directly on a Servoscribe chart recorder with
a 10 uF capacitor across the input terminals to veduce discharge noise.
With a black card inserted between the mirror and the tube end, the
signal entering the spectrometer directly was measured for approximately
1 minute. The card was then removed and the additional signal due to
light reflected from the mirror was measured for a similar time.

Bach measurement was repeated several times in turn. Under any set
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of conditions the reproducibility of these several measurements was
within 5%, while the day-to~day reproducibility of measurements was also
within 5%.

The values obtained for the ratio IR/Io were corrected for mirror
reflectivity and quartz window transmission to give a final value for
the absorption., The absorption measurements on a particular transition

allowed the value of the reduced number density n of metastables, where

El u
m N (] = s 3.1
n m( g Nm) 2 ( )

to be found for that transition from the appropriate graph (Figs. 2.6,2.8
and (13)).

3.3 Results for the Pure Helium Discharge

Measurements of reduced number densities for the pure helium
discharge are summarised in Figs. 3.3, 4, 5, 6. With constant discharge
current, singlet and triplet (Fig. 3.3) metastable densities show a

sharp peak in their dependence on helium filling pressure. Both

metastable densities reach their maximum values, of 2 x 1012 cm—s for

12C

singlets and 9 x 10 m-3 for triplets, at pressures around 2 torr (for

a current of 100 mA). For helium pressures below 2 torr singlet and

triplet metastable densities rapidly saturate with increasing discharge

current and show constant values ( 2 x 1012 3

12 =

for singlets at 1 torr,
8 x 10 "3 for triplets at 2 torr) for currents above 10 -~ 20 mA.
The saturated triplet metastable demsity at 1 torr is in close
agreement with the results of Kruse (21) who measured the density by
Rozdestvensky's 'hook' method in a 1 cm bore tube with current densities
in the range O - 650 mA cm—z. Assuming that the E/p value for both
experiments is the same, current density is the most important scaling
parameter since it is proportional to the electron density. The
saturated triplet metastable density fqund by Kruse was (6.0 + 0.5) x

2

10'% em™3 for current densities above 200 mA cm™ , which is similar
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to the present value of 6.2 x ]012 ™3 for current densities above
560 mA cm 2. The difference in the current densities at which the
metastable densities saturate is due to the different tube diameters
and the consequent difference in diffusion losses for the metastable
species. Kruse obtained results at only one pressure, so further
comparison is not possible.

At pressures greater than 2 torr the reduced metastable densities
show an apparent decrease with increasing currvent (Figs. 3.5, 6).
If this decrease represents a real decrease in the metastable populations
it implies the existence of a destruction process for metastable species
which is proportional to the electron density raised to some power
greater than unity. A search of the literature (see following section)
showed that no such process is known. Thus, other reasons for the
decrease must be considered - in particular the effects of changes in
the Doppler width, gas pumping effects along the tube, and the
influence of significant populations in the upper levels of the transitions
at which absorption is measured.

Since ko o K%E (equation 2.5), increases in the Doppler width
of the transitions as the current is increased would lead to a reduction
in the measured absorption, which could be interpreted as a decrease
in the metastable populations. However, it has already been shown
(section 2.6) that the Doppler width df the transitions is approximately
constant over the range of currents considered here.

Gas pumping effects (22) in the capillary discharge could reduce
the number density of helium ground state atoms in the absorption
region at higher currents, thus giving rise to a decrease in metastable
species. To test for pumping effects a return path was provided
between the anode and cathode side-arms. A valye in this path enabled

the absorption to be measured with the return path open or closed.
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At 5 torr and 140 mA no change was observed in the absorption when
the valve in the return path was opened. Thus gas pumping effects and
changes in the Doppler width are not responsible for the apparent
decrease in metastable densities.

The influence of upper level effects can be examined by considering
the absorption results for the singlet metastable density. There is
sufficient light intensity with the present experimental arrangement
to measure the absorption on the helium transitions at 39658 and

18 lower level in common. Denoting the 50168

50168 which have the 2
line by A and the 3965} line by Ay the ratio of the absorption

coefficients at line centre for the two lines may be written

A
kY a3 A a-nainmad
0 5 1 1 m
T 3 A 3 1 o s (3.2)
S r ) s 4
where AA ), are the Hinstein coefficients of the transitions, N(31P,41P)
e

are the populations of the upper levels of these transitions, %u is the
singlet metastable density, and the factor 3 is the ratio of the
statistical weights g(3,4'P)/g(21s).

In the absence of significant populations in the upper levels,
or if they are equal, the last quotient on the right hand side of
equation (3.2) has the value 1, and the ratio of the absorption

coefficients (substituting for A and A } 38 3.7 In Pig: 3.7

1,2 *1,2
the experimentally determined values of this ratio are plotted as a
function of currvent for various helium pressures. The errors for each
point may be as high as 20% since two quantities, each known to 10%,
are divided. Bven so, at the higher pressures the reduction in the
ratio from the theoretical value of 3.7 indicates that the upper level
populations are becoming comparable to the population of the ZlS

netastable level.
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If the ratio of the terms involving upper level populations in
equation (3.2)is approximated as follows,

1 - N(3*P)/3N,

1 - N(4'P)/3N_

1 i
N(3'P) N(a'p)
(== 0 T )

v u-LAED . MDYy,
m
: A A : :

then the reduction in ko /k0 by approximately one third at 10 torr
(Fig. 3.7) implies that, at this pressure, N(3'P) - N(4'P) ~ N . Thus
N(3'P) and N(4'P), while different, are individually of the order of N .

The spontaneous emission intensities at SOIGR and 3965%, measured
at right angles to the axis of the tube to minimise absorption, are
directly proportional to N(31P) and N (41P) respectively. From measured
spontanequs emissions N (31P) and N(41P) are seen to increase by a factor
of 2 as the pressure is reduced from 10 to 2 torr at a current of 100 mA.
At the same time Nm increases by a factor of about 3. Thus, at the lower
pressures, N(SlP) and N (41P) are still comparable to Nm' The value of

A A
k 1/k 2 at the lower pressures is very close to its theoretical

0 0
value of 3.7. Thus N(SlP) and N(41P) must be approximately equal at
this pressure.

For the sake of argument the spontaneous emission intensities at
50168 and 39658 have been normalised so that N (31P) equals N(41P) at
1 torr and 100 mA. The normalised population densities are shown in
Figs. 3.8, 9 as a function of current and helium pressure. By multiplying
N(3!P) and N (41P) by a scaling factor so that at 10 torr N(SlP) —N(41P)
is equal to Nm’ the pressure variation of N(31P) . N(41P) and Nm may be
displayed on the one graph (Fig. 3.10) and approximate values for
N(3,4%P) derived.

A A

Fig. 3.10 then illustrates the pressure behaviour of ko 1/ko 2,

whose deviation from 3.7 is proportional to N}ﬂ-—(N (SlP) - N(41P)).
n
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N(41P) is seen to reach a maximum value in the pressure region 1-2 torr
and then decrease. N(SlP) , however, shows a broad maximum in the range
2-6 torr and then decreases, but more slowly than N (41P) . For pressures
less than 2 torr there is little change in N(3'P) - N(4'P) while above

2 torr this difference steadily increases with pressure. N_1is a
decreasing fumction of pressure so that the deviation ko)‘lll(o}\2 from

its value of 3.7 steadily increases with pressure, as is seen in Fig. 3.7.

The current dependence of the normalised spontaneous emissions
(Fig. 3.8) shows that the difference N(3'P) - N(4'P) is almost constant
in the range 100 - 200 mA. Thus the ratio ko}\l/k:2 is constant
with current over this range, as is seen in Fig. 3.7. There should,
however, be less deviation of kOAI/kOA2 at 50 mA from its theoretical
value than is observed. This is possibly due to the errors in the
experimental points.

In principle, further use can be made of the spontaneous emission
measurements to determine absolute values of the upper level populations
according to the following method. The spontanecous emission intensity, S,
for each line is related to the population of the upper level of the
transition by

N(aLP) = K(3965) S(3965)
" (5.4)
N(3"P) = K(5016) S(5016)
where, for the two lines, K(3965,5016) are calibration constants which
depend on viewing geometry, the transmission of the discharge tube wall,
the semsitivity of the monochromatornphotomuitiplier arrangement, the
frequency of the lines and the Einstein coefficienté.

Substitution of equation (3.4) into equation (3.1) for the two
transitions and re-arranging the resulting equations gives

K(5016) S(5016) - K(3965) S(3965) = 3n(3965) - 3n(5016) (3.5)‘

where the factors of 3 take account of the ratio of statistical weights
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of the levels. It is then possible, in theory, to evaluate the constants
K(5016,3965) and thus to determine the upper and lower level populations
absolutely by comparing measured values for n and S under (at least two)
different experimental conditions.

A computer programme was written to select each pair of results
from those taken under thirty six different experimental conditions
(50 - 200 mA, § - 7 torr) and to calculate the appropriate constants.
The results, however, showed that the errors in the reduced number
densities (+ 10%) allowed only order of magnitude estimates to be made
of the constants, since the right hand side of equation (3.5) is a
small difference between two large quantities, with consequent large

1p and 4lp populations of the order

errors. The estimates suggest 3
of 1012 cm_s, as expected, for discharge currents around 150 mA in
a discharge at 4 torr.

Because of the large errors in the values obtained for the
calibration constants singlet metastable densities haye not been extracted
explicitly from the reduced number densities shown in Fig. 3.6. However,
apart from the apparent decrease with increasing current at higher pressures,
which is explained by the effects of significant upper level populations,
the principal features of the reduced number density results are
determined by changes in the population of the metastable levels.

Since there was insufficient light intensity té measure the triplet
metastable density by absorption on any line other than that at 3889%,
detailed evaluation of upper level cffects is not possible for the triplet
states. The general shape of the reduced triplet metastable densities,
however, suggests similar behaviour to the singlets.

Absorption measurements transverse to the discharge were also
carried out using a ¢ell which had had part of its cylindrical wall

ground away on opposite sides and replaced by optically-contacted quartz
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flats, thereby removing the lens effects of the tuBe wall. The
absorption length was 5 mm (the tube diameter). Singlet and triplet
metastable densities obtained from measurements with this tube showed
v a similar functional dependence on discharge parameters to the densities
obtained from measurements along the tube axis, while the densities
obtained from absorption in the transverse direction were a factor of
two higher than those obtained from absorption along the axis. In view
of the different spatial averages in the two cases, and the variation
+”. (which was not taken into account) of the transmission of the quartz
window due to discharge damage on the surface, such differences in
absolute value are not unexpected.

3.4 Discussion for the Case of a Pure Helium Discharge

Since the processes in the discharge determining singlet and
triplet metastable state densities are mostly similar, attention will
be restricted in this discussion to a closer consideration of the

triplet state population. In the case of the pure helium discharge the

excitation and destruction processes determining the population of
the triplet metastahle state are generally well documented.

The excitation process is through electron collisions with the
helium ground state atoms leading either to direct excitation of the
metastable state or to excitation to higher states with subsequent
radiative decay to the metastable state. Destruction of the triplet
metastables can take place by diffusion to the tube walls, by collisions
with ground state helium atoms, by collisions with glegt;pns or
collisions between the metastable atoms. fhe rate equation describing

the population is therefore of the form

-1 2.z
aNone-Nm'rD -BNmNO-YNmne—éNm =0 (3.6)
where No’ Nm and n, are the densities of the helium.ground state atoms,

triplet metastable species and electrons respectively, ™ is the
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characteristic diffusion time for the metastables and the coefficients
a, B, v, and § describe the other processes listed above.

The coefficient o describing the electron excitation is of the form

a = <o ve) V>

where the brackets < > denote the average over the electron energy
distribution and cﬁ;e) is a composite cross-section describing both
direct and indirect excitation to the metastable state as a funcfion
of the electron velocity,-ve. Cross-section data for the excitation
of metastable and higher states of helium by electron collision with
ground state atoms have been reviewed by Corrigan and von Engel (23)
and Miller et al (24), while electron energy distributions in helium
have been calculated by Smit (25), Heylen and Lewis (26), Reder and
Brown (27), and‘Englert (28) for the range of BE/p values of interest
here (5-20 V cm™t torr—l). The composite cross-section rises rapidly
to a mean value of about 3 x 10718 oy just above threshold (20.4 eV)
while the fraction of electrons with energies greater than 20 eV can be
derived from the distribution function as approximately 6 x 10_3(E/p~4)

1 1

for E/p values between 5 and 20 V cm ~ torr ~. The coefficient for

electron excitation, o, is therefore approximately 5 x 10-12(E/p~4) em® s7L.
Phelps (29) has determined metastable diffusion rates, and for
the 3 mm diameter tube used here the characteristic diffusion time ,

s p s, where p is the helium filling pressure

e is approximately 3 x 10”
in torr.

Phelps (29) has also studied the collisional destruction of the
triplet métastable state through collisions with ground state helium.
There is no evidence that the two body process,

He(23S) + He - 2 He,
occurs, while for the pressure range of.interest here the three body

process,
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He(2%S) + 2 He + He, + He,
is insignificant compared to the diffusion loss. The third term in
equation (3.6) can therefore be ignored.

Electronic destruction of the triplet metastables is principally
through ionization (30). The cross-section for de-excitation back to
the ground state, derived from the electron excitation cross-section by
detailed balancing (31), is an order of magnitude smaller than the
jonization cross-section, while excitation to higher Hel triplet states
can be neglected since radiative decay from these states is predominantly
back to the triplet metastable state. By combining the cross-section
determined by Long and Geballe (30) with the electron distribution
data previously mentioned the ionization coefficient, y, is calculated

as 6 x 108 em® 571

1

, approximately independent of E/p in the range

torr—l. It has been mentioned (32) that the destruction

5-20Vaem
rate of metastables by electron collisions leading to ionization may be
higher than the gbove value by a factor of up to five when stepwise, in
addition to direct, ionizatipn is taken into account. At present,
however, no published results are available. This higher rate of

loss through ionization would lead to a reduction in the final value

of the saturated metastable density, and the current at which saturation
occurs, by the same factor.

Move difficult to estimate is the role of electron collisions in
destroying the triplet state by converting it to the singlet metastable
state. Morrison and Rudge (33) have calculated cross-sections as a
function of electron energy, as well as reviewing previous work. Values
proposed by different investigators differ by nearly three orders of
magnitude for 1 eV electrons, making the contribution of this effect

0 I |

to the coefficient y between 10710 and 1078 en® s™!. The influence of

this process as a destruction mechanism for triplet metastables is to



5

a certain extent offset by the réverse process of singlet to triplet
conversion, but since singlet densities are between one quarter and
one fifth of triplet densities, the net effect is still a loss process
¢ for the triplet metastable population.
Metastable-metastable collisions leading to ionization,
He(235) + He(2%s) » He + He' + e, .

can become a significant loss mechanism for the metastable densities

12 13

(107" - 10 cm—s) involved here. The coefficient § in equation (3.6)

- has been determined by Phelps and Molnar (34), Bell et al (35), Miller

1 at 300 k.

et al (36) and Fugol et al (37) as approximately 2 x 1077 cm3 s
If the various coefficients in equation (3.6) are evaluated
numerically, the following equation describing the triplet metastable

population is obtained:

1 3 S

+ 6 x 10

2 e " =14 .. 2
{B/p 4)nep Z % 10 Nm

+ 0.3 N - ng N (3.7).
In this equation the neutral density, No’ has been substituted

using a gas temperature of 600K and a pressure equal to the tube

filling pressure. Also, triplet-singlet conversion is ignored. Inclusion

of this effect is to increase the last term on the right hand side.

The electron density in the capillary helium discharge of the dimensions

involved here can be summarised by (10)

n_(en) ~ 10 1(8/p)7t (3.8)

1 1

where I is the discharge current in mA, and E/p is measured in V cm ~ torr .
Substitution of (3.8) into (3.7) enables the metastable density to be
expressed purely as a function of the plasma parameters I and E/p as
N (6I(B/p) ™" + 30 p™t + 2 x 1072 Ny = 107 @/p-0)IpE/D) L. (3.9)
As the current is increased at constant E/p, a point is reached
when the first term on the left-hand side of equation (3.9) dominates

over the other two terms - ie loss of metastables by collisions with

electrons dominates over the other loss processes. The metastable
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population then saturates with respect to discharge current at a value

given by '

™) & 2 x 1012 (:E—

- 4)p (3.10)
B o

1

At a pressure of 2 torr, E/p is 10 V cm torr_l, so that the

saturated triplet metastable population predicted by the above equation
13 .73
12 .03

is about 2 x 10 in reasonable agreement with the experimental

value of 8 x 10 . In figure 3.11 the function (E/p-4)1 is plotted as
a function of heliun pressure,p, using experimentally determined E/p

values appropriate to a 100 mA discharge in a 3 nm bore capillary.
Comparison of figures 3.11 and 3.3 shows that the experimentally

observed peak in metastable population with changing pressure can be
explained by the excitation and destruction processes described by

equation (3.6).

The threshold current for saturation of the metastable population
can be predicted using equation (3.9)., If the metastable-metastable
collisions are disregarded as a loss process (this will lead to an
underestimate) then the metastable population saturates for currents
given by | (%J (%J .

At 2 torr, therefore, saturation should occur at about 25 mA,
while with increasing pressure the current at which the population
saturates should rapidly decrease. This behaviour is illustrated by
the results in Figs. 3.4, 5.

The behaviour of the triplet metastable state with discharge
conditions in the pure helium discharge is therefore reasonably well
described by the processes incorporated in equation (3.6).

A similar procedure may be applied to estimate the population
of the 3'P levels in helium. At 2 torr with discharge current 100 mA,

n, is 6 x 101 ™3 (10), N, is 6 x 10*® cn™3 and the density of

singlet metastables is 2 x 10 en™>,
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Using the cross-sections of Corrigan and von Engel (23) and

van Eck and de Jongh (38), the rate of direct excitation to the 31P

17 cm~3 —l.

level from the helium ground state is caléulated as 2.6 x 10 S

There is also a significant pumping rate from the singlet metastable
level, for which Kim and Inokuti (39) have calculated a cross-section

of » 107 en? for electron energies in the range 5 - 35 eV. The

production rate for the 31p state via this process is 1.2 x 1017 @3 s,

Therefore the production rate of the 31P level, neglecting radiative

and collisional cascade processes, is 4 x 1017 e 571,

The principal decay of the 31P level is via the radiative

transition at 5016] to the 218 level (A~ 107 s—l). The vacuum-ultra-

violet transition at 5378 from the 31P level is trapped with a trapping

factor m103(4CD so that the effective Einstein coefficient is n0.2x10° 571,

Taking the 50168 radiative path as the only method of destruction of

1

the 31P level gives the steady state population of the 3P level as

10 ..=3

4 x 1077 cm © under the stated conditions. This is in poor agreement

with the values of a 1012 em™2 implied by the absorption measurements.

The present values of 3, 41P populations are supported by the
results of Kruse (21) for the triplet levels of helium at 1 torr under

the discharge conditions already described in Section 3.3: Kruse found

that for N(2°5) = 6 x 101 cn™ the values of N(3°D), N(2°P) and N(3°P)

1% =%

were 12 x 107" om “, 8 X 1012 cm—s and 3 x 1012 Cm"3 respectively. The

most likely cause of the discrepancy between measured and calculated
densities of the 31P level is uncertainty in the excitation cross-section
from the singlet metastable level, for which only the one set of calculated
data is available.

As the populations of the 31P and 41P excited helium levels are

of the order of 107 cm—s, the populations of other helium levels with

1 1 1 3 3 3 3

similar excitation energies (318, 418, 2P; 3D; 4D, 2°P, 3P, 3°D, 378.:)
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will probably be of this order of magnitude also. Summing over all

these states, there will be a large density of excited species with
sufficient energy to ionize and excite cadmium atoms by Pemnning collisions.
Thus the possibility that atoms in these higher helium levels, in

addition to metastable species, contribute to the excitation of the upper

laser levels in the cadmium ion cannot be excluded.
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GHAPTER IV
[ EFFECTS OF CADMIUM VAPOUR
ON ThE METASTABLE POPULATIONS




4.1 Introduction

When cadmium vapour is introduced into the helium discharge by
cataphoresis to produce discharge conditions similar to the active
[ medium of the He-Cd laser, two effects on the metastable densities
are observed. First, the metastable densities are reduced considerably,
falling to almost half their original (no cadmium) values at the optimum
cadmium partial pressure for laser oscillation. Second, the metastable
populations do not now saturate until much higher discharge currents
a (60 - 120 mA) . The changes in metastable densities with the partial
pressures of helium and cadmium and the discharge current are
correlated with the variations in laser output power also associated
with these parameters.

The results reported here complement those of Silfvast (41)
who described line absorption measurements in a He-Cd discharge at
10 mA in a 10 mm bore tube (v 10 mA cm—z) . While the measurements of
Silfvast provide information on the nature of the Penning collision

process, the discharge conditions are unlike those pertaining to

He-Cd lasers where currents of the order of 150 mA are passed through .
tubes of 3 - 5 mm bore (+1000 mA cm 2).

4.2 Cadmium Neutral Density

To allow an wnambiguous interpretation of the later results of
this chapter it is necessary to know the parametric behaviour of
the density of ground state cadmium atoms. Accordingly the absorption
of the CdI intercombination resonance line at 32618 (5 °P, - § s
has been measured by the line absorption technique. The complications
introduced by isotop‘e structure of the line halve been taken into
account by the methods described in Section 2.7.

The variation of the measured cadmium ground state neutral

density with oven temperature is shown in Fig. 4.1 for several values
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of helium pressure. The theoretiéal line shown is the number density
calculated (42) from the measured oven temperature and the ideal
gas laws. The difference between the measured and calculated
densities is due to temperature variations in the oven, so that the
thermocouple may not measure the minimum temperature inside the oven.
Further, the details of the cataphoretic process also affect the ratio
of the number density in the discharge tube to that in the oven.
Fig. 4.1 also shows the relative values of the spontaneous emission
at 44163. The cadmium ground state atomic density for optimum laser
power is v 2 X 1013 cmfs. Fig. 4.2 shows the current dependence of
the cadmium ground state density, again with the 44163 spontaneous
emission included.

The important conclusion to be drawn from Figs. 4.1, 2 is that
the cadmiun ground state neutral density is determined principally
by the cadmium oven temperature. The variations with discharge current

and helium pressure are slight.

4.3 Metastable Densities in'the Presence of Cadmium Vapour

Typical results for the variation of the metastable densities
with increasing cadmium partial pressure (with discharge current and
helium pressure constant ) are shown in Fig. 4.3. Triplet and singlet
metastable densities decrease rapidly as the amount of cadmium
increases. The presence of cadmium in the discharge has two principal
effects:

(i) The E/p value of the discharge decreases (Fig. 4.4)because
the mean energy of the electrons is reduced by inelastic collisions
with cadmium atoms. Further, the high energy tail of the electron
energy distribution is depleted due to excitation of low-lying energy
levels of Cdl

(ii) An additional loss process for the helium metastable species

is introduced - the process of Penning ionization.
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The rate of Penning ionization, Rp’ is given by
Rp " N Neg» (4.1)
where % is the cross section for Penning ionization and vV the
relative velocity of the colliding particles and the average < > is
over the thermal energy distribution. Nm and ch are the densities
of the helium (singlet or triplet) metastables and the ground state
cadmium neutral atoms respectively. For the triplet metastables

the ratio, £, of the loss of metastables by Penning processes to YneNm’ the

loss by electron collision de-excitation (the dominant loss mechanism

rL after saturation in pure helium) is given by
<g_v> N
PO s
Y I
e
15

Using the value of 4.5 x 10~ cm2 found by Schearer and
Padovani (6) and Riseberg and Schearer(7) for the total de-excitation
cross-section of helium triplet metastables by cadmium ground state

atoms, and putting n_ ~ 1012 e .

s Nog ™ 10" ™3 for typical lasing
conditions, f is 0.1. Thus Penning collisions do.not significantly
alter the metastable populations. The decrease in metastable densities
is due, therefore, to a decrease in their production rate by electron
collisions.

If the electron energy distribution in the presence of cadmium
were known, the above effects could be quantified. Vokaty and Masek (43)
give some calculated distributions, but for conditions well removed
from those appropriate to a laser. However, they also show the
variation of the mean electron energy E as cadmium is introduced
into the discharge. These data cover the range appropriate to a
laser and from them a crude model of the effects of cadmium on the
discharge may be constructed. If it is assumed that in the presence
of cadmium the fraction of electrons with energy greater than 20 eV

is largély unaltered (i.e. we underestimate the effects of cadmium

on the electron energy distribution), then the production rate for
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metastables may be written in terms of E. From the data of Englert (28),

Smit (25), and Heylen and Lewis (26), the value of E/p may be written

E/p = 4E - 20
for %— > 3Van? torr?! .

The saturated metastable density becomes from equation (3.10)
(N ¢ = 8 x 10 (E - 6lp,
for E > 6 eV. The variation of E as cadmium is introduced into the
discharge is shown in Fig. 4a of Vokaty and Masek (43) for various
values of E/p. With starting conditions E/p = 6V cm'l torr-l in the
absence of cadmium B is approximately 10 eV. When the optimum cadmium

N :
partial pressure for lasing is present (ﬁg_c_l ~ 10—4) 5 % is reduced
He

1

to 5 Ven ™t torr ! and  to ~ 8 eV. Thus the value for (N

m sat 13
reduced by a factor of approximately 2 by the presence of the cadmium.
Since the laser power at 4416R from a He-Cd discharge follows
the shape of the spontaneous emission curve, the power limitations
must occur as a result of limitations in the pumping rate of the upper
laser level rather than through lower level effects such as direct
electron excitation to this level or radiation trapping. To test for
radiation trapping, absorption measurements were made on the 2265%
(5 281 /2" S 2P1 /2 CdII) resonance transition from the lower level of
the 32508 iaser transition (which shows the same parametric behaviour
as the 44168 laser). The absorption observed over 3 cm was not large,
but care is needed in interpreting this because the motion of the
ions in the longitudinal (and radial) electric fields of the discharge
introduces large Doppler shifts so that the emission and absorption
profiles do not necessarily coincide.
The excitation rate of the CdII upper laser levels is given by

equation 4.1 where Gp is now interpreted as the Penning cross-section

for the individual level under consideration. Fig. 4.3 shows that
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N, is a decreasing funﬁtion,of the oven temperature while Fig. 4.1

shows that Nn4 is an'increasing function. Thus the pumping rate must
exhibit a maximum as the ovien temperature is increased. The peak in

the spontaneous emission at] .344‘163 (Fig. 4.1) and the associated peak

in laser output power ﬁith increasing oven temperature is thus explained.
The optimum pump rate fbr the 44168 upper laser level by Penning

L6 s ol

collisions is then ~ 3 x 10 which implies a steady state

population of the upperJIaser level (assuming radiative decay only)

of 2 x 1010 an™3;

This poplilation is a minimum estimate since the

effects of radiative cascad$ and electron collision excitation into
the upper laser level have mot been considered. ‘The present value for ;
the population of the upper 1asei level agrees reasonably well with

the value for the optimm upper level population of 6.6 x 100 3

measured by Hodges (44) using a spectrometer which had been calibrated

for absolute intensity measurements.

Fig. 4.5 shows the dependence of metastable densities and 44168

spontaneous emission on helium pressure (with fixed discharge current

and oven temperature). The |peak in spontaneous emission corresponds

to the peak in metastable de sity}curves. This is to be expected

_since the neutral cadmium'deASitféis nearly independent of pressure
(Fig. 4.1), so the pre#Suré ependénce of the Penning collision rate
is the same as that of the metastables (Section 3.3).

The pressure peak}of metastable densities is displaced to higher
pressures than in the pure helium discharge (Fig. 3.3) because the present
experiments were performed with the tube open to the vacuum system
(of much larger volume) to allow the pressure to be varied quickly.

The pure helium results on t?e other hand were taken with the tube

closed-off from the vacuum system. Therefore, higher helium pressures

are required to obtain . the same number density of helium atoms in the
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hot region of the disc_hafge tube when the tube is open to the vacuum
system which is at room temperature. The displacement of the peak
to higher pressures may also be due to the changéd production rate
of the metastable species when cadmium is present such that the peak
production rate need no longer occur at 2 torr.

The current dependence of the singlet and triplet metastable
densities is shown in Figs. 4.6, 7 for two values of oven temperature.
With the smaller amount of cadmium in the discharge the metastable
densities reach much higher values at éaturation (which occurs at a
lower current) than when more cadmium is present. With the smaller
amount of cadmium E/p ( and hence E ) is reduced by a smaller amount
than when the larger quantity of cadmium is present. Thus the value
of the saturated metastable densities is higher with less cadmium
present. Further, with the higher oven temperature, the fraction of high
energy electrons (> ZO-eV) is reduced by inelastic collisions so that
higher currents (i.e. higher' electron densities) are required to reach
saturation.

Metastable densities and 44163 spontaneous emission are only
weakly dependent on current (for example, in Fig. 4.6 for the oven
temperature of 250°C, there is a 10% variation in the triplet metastable
density for the current range 60 - 160 mA). The broad maxima exhibited
by the metastable densities must be regarded with caution since the
apparent decrease at higher currents may still be caused by upper
level effects. The weak dependence on current of the spontaneous
emission at 4416} (and the corresponding behaviour of laser power)
may be explained by a saturation of the Penning excitation of the
upper laser level, since at the higher currents both metastable

densities and cadmium ground state neutral density are independent of

current.
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Thus the behaviour at 44168 of the He-Cd laser with respect to
its tﬁree important operating parameters is explained by the behaviour
of the metastable densities and ground state cadmium atoms with these
parameters, with the excitation rate of the upper laser level given
by equation (4.1). These conclusions should be valid for other metal
vapour systems (such as He-Zn and He-Se) in which upper laser levels
are populated by Penning collisions between helium metastable species

and ground state metal atoms.
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CHAPTER V
PERTURBATION SPECTROSCOPY OF THE
HELIUM - CADMIUM DISCHARGE
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5.1 Introduction

Having described the measurements of helium metastable densities
which are pertinent to the calculation of excitation rates for the
44168 upper laser level of Cd II the application of the technique of
perturbation spectroscopy to the He-Cd laser system is now considered.
This experiment allows, inter alia , the determination of the non-
radiative destruction rate of the upper laser level.

In a gas discharge the populations of the excited states of the
gas (or gases) are determined by the relevant creation and relaxation
rates for collisional and radiative processes. If the discharge (in
an appropriate optical cavity) supports laser oscillation on a
transition between two energy levels, stimulated emission introduces
an additional relaxation process for the upper laser level and may
introduce an additional populating process for the lower laser level.
Thus, if the laser field is switched on and off within the cavity only
the populations of the upper and (possibly) lower laser levels are -
directly perturbed. If the sidelight spectrum is scanned for synchronous
changes in the intensities of other spectral lines the resulting
perturbation spectrum can be used to indicate collisional or radiative
coupling mechanisms in the discharge. This technique has been
applied to the He-Ne laser (45 - 52), the Xe laser (53), the OOZ-NZ-He
laser (54) and the Ar ion laser (S55).

This chapter describes the application of the technique of
perturbation spectroscopy to the helium cadmium laser discharge.

2

Chopping the 44168 (Ss2 2D5/2 - Sp PS/Z’ CdII) laser field in the

cavity gives rise to changes in side~light intensity of the lines at

2

21448 (5p me - 45 %5, ,, CAIT) and 3250R (5s® %, = Bp %9, GAITH

3/2 1/27?
as well as at 44168. From the perturbations at 44168 and 2144&, the

ratio of the radiative to non-rvadiative decay rates for the upper laser
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level may be determined, as well as the relative excitation rates of

the upper and lower laser levels. Perturbations at 32508 may be used

2 2

to obtain the relative pumping rates to the 55 “D level of CdII

2 2

3/2

L from the upper and lower laser levels (5s DS/Z’ 5p 2P3/2 respectively)
by electron collisions.

B2 Pfeliminary Considerations

Before describing the experimental arrangement several background
factors necessary for the interpretation of the results will be
e discussed, These factors are:

(a) spatial anisotropy in the sidelight emission

(b) calibration of the optical system for the range 20008 -4500R.
5.2.1 Spatial Anisotropy in the Sidelight

As the laser system used in this experiment was fitted with
Brewster-angle windowg, the laser radiation field was polarized. Thus
the symmetry of the system about the tube axis is removed (56,59).

In the absence of a magnetic field the quantization axis is along the

electric field direction of the radiation (57) and so changes in the

populations of the laser levels are exclusively generated via x
transitions (58) (for which m, = O, where my is the magnetic quantum
number) . This results in a partial alignment of the ions in the

laser levels. Owing to this‘partial alignment, changes in the side-
light may depend on the angle of observation relative to the polarization
direction.

At the pressures used in the experiment (2-12 torr) collisional
transfer within the my sublevels may destroy the alignment, but details
of such processes for the He-Cd laser are unknown. However, the
problem of spatial anisotropy may be avoided by the following considerations.

The sidelight intensity of any line comprises a mixture of m and

o transitions (AmJ = 0, + 1 respectively) due to the structure of the
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magnetic sublevels of the levels between which the transition occurs.
Because of the partial alignment of the ions by transitions induced by
the laser radiation, the relative proportions of = andAo transitions
in the sidelight intensity will be altered. This implies an angular
distribution in the intensity change, AI(6), measured in a plane
perpendicular to the direction of propagation of the perturbing
radiation, which may be written
AI(6) = A sin%e + B cos’e (5.1)
since o,r transitions have cosze, sinze distributions respectively
where 6 is the angle between the quantization axis and the direction
of observation. A and B are the appropriate maximum intensities.
Equation 5.1 may be rewritten as
AI(6) = A+ (B ~A) cos®o
The mean change in sidelight, AI is then given by integrating
AI(8) over o to obtain

AT =;T1— fﬂ AI(e) do = A+ 1(B - A) (5.2)

(¢]

Thus, if AI(e) is measured for 6 = 45° (ie cosze = 1), the measured
AI(8) is equal to the spatial average, AI. Thus the effects arising
from spatial anisotropy are removed and the measured quantities are
proportional to the total population changes.

The laser to be discussed in Section 5.3 had the plane of its
Brewster-angle windows rotated about the tube axis by 45° from the
vertical. Thus all the ancillary apparatus could be horizontal while
observing the tube at an angle of 45° to the polarization direction of
the laser field.

5.2.2 Calibration of the Optical System

As perturbations were expected at 21448 and 44161 the optical

detection system was calibrated for relative intensity measurements
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over the range 20008 ~ 40008 and at 4416R. The sources for continuous
radiation over this range were two deuterium lamps with quartz envelopes
(Manufacturers Supply Co Type DF5S) which had been calibrated at the
National Physical Laboratory (the ultimate standard for the calibration
being synchrotron radiation from an electron accelerator). The lamps
were calibrated for relative intensity measurements in two circumstances -
first with the lamp radiating directly into a spectrometer, and second,
with a UV achromat (Carl Zeiss f = 150 mm) imaging the lamp, the image
being effectively a secondary source which was then calibrated.

Using one lamp, the present spectrometer - photomultiplier system
was calibrated for relative sensitivity both with and without the lens.
The sensitivity constants obtained from both methods agreed to + 5%.

1

The relative sensitivities at 4416R, 21448 and 3250% were i T09°T.8

ot

respectively.

It is found that the quartz walls of metal-vapour lasers develop
a dark deposit during operation. As this deposit may have varying
transmission at the wavelengths of interest here, an arrangement must

be provided to monitor the transmission of the tube walls during the

course of the experiment. The tube itself is described in the next
section - only the measurements of the transmission of the tube walls
are described in this section.

With the deuterium lamp on the side of the tube opposite the
spectrometer (Fig. 5.1), a second UV achromat (Carl Zeiss £ = 75 mm)
was used to image the lamp onto a stop at the tube wall. This stop
acted as a second source, and was imaged onto the spectrometer slit
with the calibrated £ = 150 mm achromat. A reference spectrun from
the deuterium lamp was then taken before any discharge was run in
the tube. At various stages further spectra were taken. At a chosen

wavelength the ratio of the later signal to the reference signal gave
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the change in the fractional transmission of the two walls of the tube
due to degradation of the surface. The square root of the fractional
transmission for both walls gave the fractional transmission of one
wall. After several hours of operation with the He-Cd discharge the
transmissions at 32508 and 21448 were reduced to 70% and 60% respectively
of that at 4416R.

Thus the overall system was calibrated as the wall transmission
could be monitored and the lens-spectrometer-photomultiplier system
had been previously calibrated.

5.3 Experiment

The experimental arrangemenf is shown schematically in Fig. 5.1.
Two quartz discharge tubes were used: the first, of active length
195 cm and diameter 4 mm, was maintained at the conditions for optimum
laser power at 44168, while the conditions in the second tube, of
active length 10 cm and diameter 5 mm could be widely varied. Two
2 m radius of curvature mirrors, of nominal 100% reflectivity at
44162, spaced 320 cm apart, formed the optical cavity. With the test
cell inside the cavity higher radiation fields were obtainable to
perturb the discharge than with the cell outside the cavity. Both
tubes were of conventional cataphoretic design (4),used cadmium of
-natural isotopic composition, and had independent vacuum-filling systems,
high voltage power supplies and oven temperature controllers. The
Brewster-angle windows were inclined at 45° to the horizontal as
described in section 5.2.1 to avoid spatial anisotropy in the perturbation
signal. A 50 resistor in the anode circuit of the smaller test cell
was included so that current changes at the chopping frequency could
be observed. A toothed-wheel chopper, driven by a synchronous motor,
chopped the radiation field in the cavity at 1600 Hz. The chopper was

placed near the mirror furthest from the test cell.
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The side light emitted by the cell was examined at a region where
the curved wall of the tube had been ground away on opposite sides
of the tube and replaced by quartz flats over a height of 1 mm (this
made a negligible difference to the tube diameter). The lens effect
of the tube walls was thus removed. The varying transmission of the
flat sections of the tube wall was monitored using a calibrated
deuterium lamp and lens arrangement as described in Section 5,2.2,
The coilection lens-monochromator-photomultiplier system was calibrated
as described in the same section.

A Carl Zeiss SPM2 monochromator fitted with a quartz prism was
used to select the lines of interest, and the light was detected by
an EMI 9594 QUB photomultiplier. The output signal from the photo-
multiplier was either recorded directly as a steady d.c. signal level

or connected to a Brookdeal Type 401 lock-in amplifier to obtain the

perturbation signal. All measurements at 44168 were corrected for
stray laser light at the chopping frequency. This light gave a

signal in antiphase to the population changes on the upper laser level.
Such stray light corrections were at no time greater than 10% of the
sidelight intensity changes at 4416]. The measured perturbations and
line intensities were corrected for tube wall transmission and spectro-
meter sensitivity using the results of Section 5.2.2.

5.4 Results and Discussion

5.4.1 General Remarks

In the experiment a spatial average of intensity changes across
the tube is observed. Almost all parameters of the discharge, including
the electron density, the metastable densities and the intensity of
the laser field vary across the tube. It is important that the principle
of superposition holds so that the equations describing the measured

average quantities are the same as those describing the microscopic




5’8

changes in the discharge.

In the equations derived in this section for the interpretation
of the results, the relationships between the population changes on
various levels are linear. Thus, even though a spatial average of
population changes is measured, the equations for local population
changes apply to the spatial average.

The first check on the system was to observe the population
changes on the upper laser level as a function of the laser power.
Fig. 5.2 shows that the change in the population of the upper laser
level is proportional to the laser intensity. This is to be expected
as the change in upper level population is small compared to the steady
state population, so that the cell is operating under conditions
where thé gain is not heavily saturated.

More important is Fig. 5.3, which shows the population changes

of the Ss2 2D3/2 level (measured at 3250&) against the changes of the

Ss2 2

D5/2 level. There is a linear relationship between the population
changes on the levél which is directly perturbed and the population
changes on the level coupled to the former by collision processes.
Thus the linear equations derived subsequently to describe the perturbations
are valid, and the principle of superposition is applicable.

Each spectral line emitted by the He-Cd discharge (under optimum
laser conditions) in the range 20008 - 60008 was then examined in
turn for a perturbation signal when the laser field at 44168 within the
cavity was chopped. The only transitions to exhibit a perturbation,

apart from that at 44168, were those at 21448 (Sp2 B ¢

2 ZD

5s CdII)

gfe = 9% Sy
and 32508 (5s 3/2 " Sp 2Pl/z). The other lines showed perturbations
less than 0.5% of that at 44168, which was the limit of detection
sensitivity set by discharge noise.

The interaction of the chopped laser radiation and the discharge
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current was examined by connecting the voltage across the 52 anode
resistor to the lock-in amplifier. The current change at the chopping
frequency was less than 0.002mA in 100 mA, so that current-induced
population changes may be ignored.

5.4,2 Perturbation at 21448

Consider a system of two levels 1, 2 coupled by a radiative
transition with Einstein coefficient Ay, Level 1 represents the upper
laser level and has a pump rate from all sources, population (in the
absence of lasing) and non-radiative decay rate of Rl’Nl and Y
respectively. Level 2 represents the lower laser level and similarly
has a pump rate (apart from radiative cascade from the upper laser

level), population (in the absence of lasing) and non-radiative decay

rate of RZ’NZ and Y, respectively. (Fig. 5.5).
In the absence of lasing the steady state populations N1 and N2
are given by the rate equations
R = N1(.A12 + Yl) (5.3)
By ® Nifp = Bylhon *4p ) (5.4)
where AZO is the Einstein coefficient for radiative transitions from
the lower laser level, and the upper laser level decays radiatively
only to the lower laser level.
Laser oscillation introduces an additional loss rate L for level
1 due to stimulated emission, and an additional production rate L for
level 2. 1If, as a consequence, the steady state population of level 1
is reduced by-aNl, and that of level 2 increased by GNZ, and if R1
and R, do not change in the presence of the laser field then
R.l = (N1 - aNl) (A12 * yl) + L (5.5)
R2 * Ny - BNl)Al2 = (N, + 6N2) (AZO *yy) - L (5.6)

Subtracting (5.3) from (5.5), and (5.4) from (5.6) and eliminating L

from the resulting equations gives




o = - (5:.7)

In the helium cadmium laser the lower level for the 44168
laser transition is rapidly depopulated by radiative decay to the ion
ground state, with a radiative lifetime of 3.4 ns (60). Since the
gas—kinétic collision time in the discharge is of the order of 1 us,

the approximation Yy << A20 may be made and equation (5.7 simplifies to

N A
Eﬁl‘ - 20 (5.8)
9 Y1

The spectral line intensity changes are related to the population
changes by
8I, = hv., A 6N

1 1274271 (5.9)
612 = hvzoAzoéNz.
Substitution of (5.9) into (5.8) gives
sI v %
I S (5.10)
i Yiz M2

Thus by measuring the relative intensity changes of lines arising from
the upper and lower laser levels, the ratio of the non-radiative to
radiative decay rates of the upper laser level may be determined.

The ratio of the intensity changes at 21448 and 44163.(corresponding
to §I, and 611 respectively) were measured over the range of operating
conditions: helium pressure 2 - 7 torr, discharge current 80 - 160 mA

and cadmium oven temperature 190° - 220°C.

'y LU
817 “eI(44168)
helium pressure or oven temperature was observed, and only slight

No functional dependence of the ratio. ) on either
variation with current (Fig. 5.4). The extrapolation of the current
variation to zero current gives a non-zero intercept which implies

that while electrons do play a part in destroying the upper laser level,

other processes must also be considered. The average value of 612/611
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obtained over the range of operating conditions gives a value

%% = 0.9 * 0.2. Thus the non-radiative destruction rate of the upper
1§%er level is almost equal to the radiative decay rate.

This result is in agreement with the results of Klein and
Maydan (61) who measured the decay rate of the upper laser level by
using a fast cavity dumping technique. At a helium pressure of 3.5 torr
the total decay rate varied in the range 1.5 - 1.9 x lO6 s-l, with an
approximately linear dependence on current in the range 75 - 170 mA.
Dienes and Sosnowski (62) have also derived upper level decay rates
from magnetic field dip measurements on the He-Cd laser. The values
obtained were a factor of 2 - 3 higher than those of Klein and
Maydan (61) .

The constancy of the non-radiative decay rate of the upper laser
level could be explained by the existence of another radiative decay
path from the upper laser level, but the data of Shenstone and Pittenger (63)
show that the 44168 transition is the only one originating from the

552 2

D5/2 level. The assumption Yy << AZO couid be invalidated by
radiation trapping of the 21448 line, but an 'at worst' calculation
assuming single isotope cadmium and a ground state ion density equal to
the ground state neutral deqsity gives an imprisonment factor (64) of
0.1 for a tube of radius 0.2 an. The effective Einstein coefficient
with these assumptions is 50 x 10° s-l, which is still much greater than
gas-kinetic collision rates.

In considering the non-radiative decay rate of the upper laser
level, diffusion of cadmium ions to the tube wall, as well as volume
losses, must be considered. Assume that a cadmium ion produced at the
centre of the tube is accelerated to the walls by the ambipolar field
established by the electrons and the helium ions. With a mean free

path of 0.2 nm at 1 torr, the ion has an average of 10 collisions before
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arriving at the wall, in each of which is loses 7% of its acquired
energy. Thus, to a first approximation, the loss of an ion to the wall
may be considered as a free fall. The value of the potential difference
between the tube centre and the walls (neglecting the sheath) may be
calculated (65) to be approximately 5V (electron mean free path =
0.5 mm, tube radius = 2 mm). Assuming a wniform field distribution
the transit time of an ion to the tube wall is of the order of 1 yus.
Thus diffusion in the radial field represents a significant loss process

for the cadmium ions in the Ss2 2

DS/Z level as the diffusion time is
similar to the radiative lifetime. As the helium pressure increases
the diffusion losses decrease but volume destruction processes increase,
which results in the non-radiative decay rate of the upper laser level
showing little variation with discharge conditions.

In a recent paper Lis (66) estimates a non~radiative decay rate of

6

the upper laser level of 40 x 10 st compared to the present value of

L % 106 s, The discrepancy between these two values for the non-
radiative decay rate of the Ss2 ZDS/Z level of CdII will now be discussed’
in detail.

The method of Lis is similar to that of the present experiment,
although oniy relative perturbations under one set of experimental
conditions are measured. To interpret his results, Lis uses an equation

similar to equation (5.8). In the present notation Lis's equation becomes

6N2
Y1 " A0 3,
= o W o (5.11)
bo N WA, , B
1 1771
As Lis was unable to calibrate his system for relative intensity

8N, /N
measurements he could determine only the ratio ENZ7NZ‘ The value found
16

by Lis for this ratio under the one set of experimental conditions agrees

with values found in the present work (n0.2). In order to calculate Y1»
N :
Lis uses a value for Ng of 0.46 found by Hodges (67). This value is
1
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obtained for a tube containing cadmium of natural isotopic composition

N N, -
by combining gain measurements (which enable (g_l ~ -g—z—) to be deduced)
1 2 N
with absolute intensity measurements at 44168 (which enable —g——l to be
1

deduced) .

L

If Hodges' gain of 6% m =~ is taken as the gain at line centre of

a purely Doppler broadened line (of full width at half-maximum equal to
1.5 GHz) a value of the lower laser level population of ~ 3 x 1010 cm"3
is obtained. This is the value deduced by Hodges. Therefore it appears
that Hodges has not considered the isotope structure of the gain curve.

For a given population inversion the gain at 4416R is smaller
(~6% m—1 (67)) in a laser containing cadmium of natural isotopic composition
than in a laser containing a single isotope (~20% mhl (2)) due to the
different shapes of the gain profiles. Treating the gain of 6% m_:L in
a laser containing cadmium of natural isotopic composition as arising
from a single isotope profile then leads to an overestimate of the
population of the lower laser level,

The present experiment allows the ratio of the populations of the
upper and lower laser levels to be measured from the ratio of spontaneous
emission intensities at 2144% and 44163, since

L Mg vz

Typical results are shown in Figs. 5.5, 5.6 as a function of current and

helium pressure. The ratio Ng is v 10—2, which is to be expected if both
1
levels have similaxr pump rates while their radiative lifetimes differ

by two orders of magnitude.
N

Using a value of N—Z— = 0,03 and the measured value of AZO =3x 10

1
to re-interpret the results of Lis, y, is found to be 1.8 x 10° s -,
(60) ' t 1ts of Lis, y, is found to be 1.8 x 10° s7*

6 -1

5 s

8 =1

L5
in agreement with the present results of 1.2 + 0.3 x 10 Thus the
present result, and those of Lis, Klein and Maydan (61), and Dienes

and Sosnowski (62) are all consistent if the ratio of the populations
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of the upper and lower laser levels found by Hodges is not included
in the calculations.

From equations (5.3) and (5.4) the ratio of the pump rates R1 2
2

for the laser levels may also be obtained:
B Nalhg v vg) ~Nihps
R Ny 1y
Ny Sab
M2
Y
+ ok
g
. ‘ . E : ; ? ;
if Y, is small compared to AZO Xpressing Nl’2 in terms of I1,2 using

i

=
st l—‘ll\)

(5.12)

equation (5.9), equation (5.12) becomes

o T
I Vv
;;2 M (.. (5.13)
¥
1 L e 0k
) X
12

(Recall that R2 specifically excludes cascade from the upper laser level
according to its definition earlier in this section.)

From equations (5.9), (5.3) if Y1 is constant,

Rl o N1 « I1 .

Therefore if R1 is obtained in arbitrary units from the spontaneous
emission at 44163, R2 may be obtained in the same wmits from equation (5.13).
Typical results are shown in Figs. 5.7, 5.8 as a function of current and
helium filling pressure.

Fig. 5.7 shows that, with increasing pressure, the pumping rate,
Rl’ of the upper laser level reaches a maximum and then decreases. This
is explained by the behaviour of the Penning collision rate as described
in Section 4.3 . From that section the following relation between R

1
and the helium metastable density, Nm’ is obtained (equation 4.1)

Ry =%4Np
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where x; is thg appropriate rate constant. However, the excitation rate, Ry,
of the lower laser level is seen to increase steadily with pressure. The
processes which contribute to R, comprise direct-excitation by collisions
with electrons, ions, or metastable species and radiative cascade from
higher lying levels of CdII (but excluding cascade from the upper laser
level). '

Direct excitation of the lower laser level by Penning or'charge
transfer processes does not occur (68) in view of the large energy defects
for such processes. Further, direct electron excitation to the lower
laser level is not significant for the following reason. As the pressure
increases the mean electron energy decreases so that, although the
total electron density increases, the fraction of electrons with sufficient
energy (at least 6 eV) to excite the lower laser level decreases.

(This point is discussed more fully in the following section in connection
with the perturbation at 3250R.)

Radiative cascade to the lower laser level, which must therefore
be the principal contribution to RZ’ arises predominately (>80%) (68)
from levels of the cadmium ion which are excited by charge transfer
collisions with helium ions. Thus R, may be expressed as follows:

By By
where N, is the helium ion density and k, the appropriate rate constant.

At the conditions for optimum intensity at 44168 in Fig. 5.7

(ie helium pressure 4 torr) ;f equals 3, while Nm is approximately

5 x 1012 en™3 (Fig. 4.3) and the helium ion density is 3 x 107 ™3
K

assuming it is equal to the electron density (10). Thus Eg-equals 5.
This ratio may be compared with the results obtained by Turner-

Smith (68) from a flowing afterglow, under conditions where Nm > Ni

(the precise relationship between Nm and Ni is not noted in (68)).

The principal cascade transitions to the lower laser level, at
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2749R, 23133, 23218 and 35368, were found to have (68) relative rates
of 350, 240, 22 and 96 respectively, giving a total cascade rate of
800 units. These transitions arise from levels populated by charge
transfer processes except for the transition at 35368 whose upper level
is populated by Pemning collisions. Also approximately one quarter of
the intensity at 2749R is due to Penning excitation. In the same units
the pump rate of the upper laser level was found to be 1000. Thus,

under the conditions of the afterglow experiment

) s Nm R2 o
B T ERE s R
1 S i |
A similar estimate may be made if the total cross-section of

3.7 x 1074 cm2 (69) for the de-excitation of helium ions by ground

state cadmium atoms is used. As two thirds of the cadmium ions excited
K
by charge transfer decay radiatively via level 2 (68), the ratio Eg

1
becomes 2
fg_ W 2 Oce
Kl 0‘p
where 0. and % are the total charge transfer cross-section and the
Penning cross-section to level 1 respectively. Thus, with OﬁVI x 1075 cp?
K
(6,7,8), = is 2.5.
1 ) Ky
The two estimates = ¥ 0.8 and — 2.5 are in reasonable agreement
¥R 1
with the present result of E;-m 5.
i}

At constant current, as the pressure increases the metastable
population falls while the ion density increases. Thus the rate of
excitation to the lower laser level increases with pressure as the
radiativé cascade from higher states of the cadmium ion increases with
the ion density.

The current behaviour of R, (Fig. 5.8) is consistent with this
explanation as the increase in R2 with current reflects the increase in

helium ion density with current. The behavioyr of R1 with current has
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been explained previously in Section 4.3.
Finally, the rate of excitation of the lower laser level by cascade
from the upper laser level, N; A ,, and the rate by all other processes

combined in R, may now be compared. In Section 4.3, R; was found to be

3 x 1080 3 71 for optimum laser conditions. Thus the rate of decay to

16 -1 R

3R is approximately

1
en™> s71. Thus radiative cascade from the upper laser level is a

the lower laser level is 1.5 x 10%° em™ s With

6 x 1016

comparatively minor pump process for the lower laser level.

5.4.3 Perturbation at 32508

The upper level of the 32508 transition (Ss2 4

2 2

DS/Z) is about 1 eV above
the upper level of 44168 laser transition (5s DS/Z)‘ When the population of
the latter level is decreased by laser oscillation, that of the former is also
observed to decrease. The ratio of the intensity changes on the two transitions
is shown in Figs. 5.10, 11, 12 as a function of discharge current, helium
pressure, and cadmium oven temperature respectively. Typical experimental
accuracy is shown on the graph of the oven temperature dependence (Fig. 5.12).
The current behaviour of the ratio (Fig. 5.10) is consistent with electron
collisions being the principal cause of coupling, as there is a linear relation-
ship between the ratio of perturbations and the current (ie the electron demsity).
The pressure behaviour (Fig. 5.11), however, shows an extrapolated zero
perturbation at a non-zero pressure. This indicates that coupling to the lower
(5p 2P3/Z) as well as the upper laser level of the 44168 transition must be
taken into account.

M analysis of the perturbation at 32508 is now described which leads to

13 22

a very large cross-section (&7 x 10~ cm?) for excitation of 5s DS/Z CdII

level from the S5p 2P3/2 CdII level by electron collisions. As shown on

pages 5.20-21 this cross-section implies a much larger de-excitation rate of

2 2

the 5s DS/Z level than is observed (Section 5.4.2). The results of this

section must therefore be regarded as tentative.

22 /.

If the couplings between the Ss DS/Z level and the S5s DS/Z

and 5p 2P3/2 levels (levels 3, 1, 2 respectively - see Fig. 5.9) are

included explicitly, then the rate equation describing the population
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2 2

N3 of the 5s D3/2 level in the absence of laser radiation is

Ry * No¥ys * Nyxpa = Nylig ¥ 13) (5.14)
where Yo3 and Y13 are the rates for electron excitation to level 3
from levels 2 and llrespectively, and RS’ AS’ Y5 are the excitation
rate (excluding Y13 723), total radiative decay rate and total non-
radiative decay rate respectively of level 3, (Fig. 5.9). In the
presence of laser radiation the rate equation becomes
Ry + (N, + SNZ)YZS * (N = 6Nl)yl3 = (N3 S GNS)(.A3 & y3) (5.15) .

Subtracting (5.14) from (5.15) and rearranging gives

GNS 1 GNZ
bl a2 {Y i ¢ N } (5016).
GNl A3+Y3 13 23 GNl

If (5.16)ds rewritten in terms of line intensities using (5.9),
and the following values for the Einstein coefficients substituted :
Ay =3x10° 571 (60), A, = 1.3x 10° s71 (70,71), Acss® g, -

3/2
5p Zpl/z) =2.2 x.10% s1 (60, 71), it becomes

§I 61

3 3 ~3 2
N SO T SO § (5.17).
611 A3+Y3 135 23 611

By extrapolating the pressure variation shown in Fig.5.11, it is seen

that (613/611) becomes zero at a pressure of 1.5 - 2 torr (E/p =

1 torr"l), so that for these conditions we have

o8 o
Y13/7p3 = 10 (ETEJ'

10V cm~

The value of (612/611) is of the order of 1.8 (see previous section) so
that at 1.5 - 2 torr, the ratio Y13/Y23 is approximately 10~3' If the
coupling is due to electron collisions the rates Y1323 can be written
2
Y13 " Ry Pis'e”
(5.18)

To5 = Pgt0agle” &
where n, is the electron density, 913 and g,z are the cross-sections
for electron impact excitation from levels 1 and 2 respectively and the

average < > is carried out over the electron energy distribution. The
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threshold energy for 913 is about 1 eV, while that for ¢
1 1

23 is about

.S eV. At an E/p value of 10 V am ~ torr —, in a pure helium discharge,
the majority of electrons have an energy in excess of 1 eV, while the
fraction with an energy exceeding 5 eV is about 0.6 (25), and
hence the ratio 013/023 is of the order of 10—3. Thus the cross section
for electron excitation from the lower laser level, which corresponds
to an allowed optical transition , is much greater than that from the
upper laser level.

The increase in the ratio (613/611) with increasing pressure above
1.5 - 2 torr may be explained as follows. As the pressure increases the
E/p value of the discharge decreases, so that the electron energy
distribution shifts to lower energies (25). This favours the excitation

process from the 552 2

D5/2 level as opposed to the 5p 2P3/2 level and so
the ratio (Y13/Y23) increases with pressure. Since the total electron
density also‘increases with pressure (10),the ratio (613/611) rapidly .
increases,

Before considering the behaviour of (613/611) at pressures
above 4 torr, the influence of cadmium vapour must Le discussed.
Fig. 5.12 shows that as the cadmium partial pressure in the discharge
increases with oven temperature the ratio (613/611) rapidly decreases.
The most likely cause of this decrease is that both excitation processes
(YlB’YZS) decrease with increasing cadmium partial pressure.

22

The decrease in the rate of excitation (yls) from the 5s“ D

5/2
level is due to the increasing fraction of electrons with energies less

than 1 eV as cadmium is introduced. Vokaty and Masek (43) have computed
the electron energy distribution in a helium-cadmium discharge. Their
figure 2 (reproduced here as Fig. 5.13) illustrates this increase

in the fraction of electrons with energies less than 1 eV as cadmium is

1 1

introduced at a constant E/p value of 1.5 volts cm ~ torr . While the
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1

2

value of E/p for the initial conditions of Fig. 5.12 is 5 volts cm L torr
it decreases as the oven temperature increases. The decrease in E/p and
the increase of cadmium partial pressure both lead to an increase in

the fraction of electrons with energies less than 1 eV. Since the total
electron density is but weakly dependent on cadmium partial pressure (10),
the excitation rate Yz Must decrease., Similar arguments applied to

Yy3 indicate an even stronger decrease in the fraction of electrons with
energies greater than 5 eV with increasing cadmium partial pressure.

The behaviour of the ratio (613/ <SI1) at pressures above 4 torr is
now considered. With increasing pressure the total electron density
increases but the E/p value decreases. Fig. 5.11 shows that at pressures
above 4 torr a condition is reached where the change in E/p, through
increasing the fraction of electrons with energies less than 1 eV, is
the more important factor in determining the excitation rates Y13 and
Yp39 and the ratio 613/6I1 saturates or decreases.

Cross-sections 013 and 0,3 Can be estimated by considering equation
(5.17) at the higher pressures when the term involving Y3 may be neglected.
The ratio (6I3/6I1) reaches a value of 0.07 at 4 torr when the electron
density is ~ 101% ™3 for electrons with energy -above 1 eV (10,25). Taking
a value for A; of 3 x 10> 57

16 % and hence a value of Oyg v 7 X 10°

and neglecting Yz gives a value of o v

15
7x 10 13 cm2

The value of 013 is typical of gas kinetic collision cross sections,
but the value of 993 is very large for an atomic collision process. It
is of interest to note that very large cross sections have been reported
recently by Green et al (73) for electron collisions with excited states

12 cm2 was obtained for

of the zinc ion. A cross section of v 2 x 10~
the transfer of energy from the 6p 2P level of ZnII to other levels of

the zinc ion, while approximately the same value was obtained for the
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cross section for electron induced energy transfer between the 5d 2p
and 4f °F levels of ZnII.

Large cross sections are characteristic of collisions involving

a resonance (74), so that the cross section Oy3 v X 10-13 cm2 implies
the possible existence of a resonance interaction, via an intermediate

2

state, in the collision of electrons with cadmium ions in the 5s “P

3/2
level.

Such an intermediate state is formed if the collision takes place
according to the reaction

(cd™, +e > (Cd¥*) (Cd+)2 +e,
Ra/s D5 /2

where Cd** is a state of neutral cadmium whose total excitation energy
is higher than the ionization potential of CdI, ie an autoionizing
state. Such autoionizing states of CdI are known to exist (72), the

series limits of these states having energies coincident with the

2D3/2,5/2 levels of CdII. Thus the colliding electron may form an

autoionizing state of CdI by temporary recombination when it collides
with the cadmium ion. (The recombined state is necessarily short-lived
since in a two-body recombination process energy and momentum are

not conserved simultaneously). For autoionizing states near the

22
s

5 D3/2 series limit, thermal energies are sufficient to cause decay

22

into the 5s“ “D level of CdII.

3/2
On the basis of a plausibility argument, however, the magnitude of

Oy is now shown to lead to a value of the non-radiative decay rate of

22

the 5s D5/2 level which is much larger than observed. The value

13

Oy3 = 7 X 10~ cm2 implies a rate Y3 (equ 5.18) under typical laser

o a3, Vg 108 em s™Y) of Y3 = 7 X 107 &7,

2 2

conditions Cne n 10

Al

Therefore the rate of excitation, Yo1° of the 5s DS/Z level from the

5p 2P3/2 level is expected to be of the same magnitude as Y23 ( if not
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larger in view of the ratio of Einstein coefficients for the optical
transitions corresponding to Y21 and 723). Thus the reverse process,
electron collisional destruction of the 4416R upper laser level to
the 5p ZPS/z level, is, by the principle of detailed balance, expected
to have a rate Y12 % Ya1° (The neglect of exponential temms and
statistical weights in this argument makes no difference to this inequality).

l, which is inconsistent with the results

Thus we have v;, 3 70 x 10% s~
of the previous section where a value for the total non-radiative decay
rate for the 5s° ZDS/2 upper laser level of y; ~n 10° 571 was obtained.
At present it is not possible to see how this inconsisfency may be

removed.
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CHAPTER VI

SUMMARY AND CONCLUSIONS
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® 6.1 TIntroduction

In this thesis investigations of the positive colum helium-
cadmium laser have been described. The experimental techniques comprised
absorption spectroscopy and perturbation spectroscopy. Absorption
spectroscopy was used to determine the population densities of the
helium singlet (218) and triplet (2S) metastable states and the
cadmium ground state (5-13) . In particular the behaviour of these
densities with discharge parameters was examined, and the production

22

rate by Penning collisions of the 5s Dy /2 level of CdII estimated.

Perturbation spectroscopy was used to determine the non-radiative

22
Ds /2

the 4416% laser transition), the relative pump rat_ejas- of the upper and

destruction rate of the 5s level of CAII (the upper level of
lower (5p 2P3 /Z) laser levels, and collisional processes linking excited
levels of the cadmium ion. The results of these experiments are

summarised in tum.

6.2 __Absorption Spectroscopy

Absorption spectroscopy was applied first (Chapter III) to the
measurement of the singlet (218) and triplet (_238) metastable densities
in a i:ure helium discharge in a capillary tube of diameter 3 mm.

The density of the singlet metastable level (218) was determined
from absorptibn measurements at 50168 (31P = 215 HeI) and 39658
4 P - 2 S, HeI) while the density of triplet metastable level [238)

was determined from absorption measurements at 38899\ (3 R = 94

S, Hel).
The effects of the fine structure of the 38898 line on the--'anal—ysw of the
absorption experiment were taken into account (Section 2.7).

The pressure dependence of the metastable densities (Section 3.3)
shows pronounced maxima around 2 torr (for a constant discharge current).

12 12 L8

The maximun densities are 2 x 10V en™ for singlet and 9 x 107“ cm
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for triplet metastables. A model of the helium discharge is constructed
(Section 3.4) in which all reported production and loss processes for
the helium triplet metastable level are considered.l The principal
production mechanism for the triplet metastable level is electron
excitation from the helium ground state (115) , either directly or by
radiative cascade from higher excited levels,while the principal loss
process is electron collisional excitation of the metastable states to
ionized states. Other less important loss processes are diffusion of
metastables fo the tube walls, metastable-metastable collisions and
metastable-helium ground state collisions. '}hié model explains the
appeai"ance of a maximum in the dependence of triplet metastable density

on current and predicts densities which are a factor of 2-3 higher than

the measured densities. In view of the wide range of values reported
for some of the cross-sections required in the model, some difference
between model and experiment is expected. |

Both triplet and singlet metastable densities saturate with
increasing current for pressures below 1 torr. The discharge model
discussed in Section 3.4 illustratés this behaviour for the ZSS'metastables
since a point is reached where electron-collisional destruction of the
triplet metastable level dominates the other loss processes mentioned
above. Since the principal production and loss processes are then both
proportional to the discharge current, the metastable density is independent
of this parameter. The model further predicts the current at which
saturation should occur. The predicted currents for saturation and those
observed in the experiment agreé to within a factor of 2.. The model

~ufurther predicts the observed behaviour that with increasing pressure the

current at which saturation occurs rapidly decfeases.

For pressures above 1 torr a slow decrease of singlet and triplet

metastable densities with current is observed. This is shown to be
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caused by the presence of significant populations, ie > 10% of the

metastable populations, in the upper levels of the transitions for which

3

the absorption is measured. These levels are the 31P, 41P and 3P

levels of Hel. Calculations of the population of the SlP level were made
(Section 3.4) using a procedure similar to that for calculating metastable

densities. The principal excitation process is electron excitation from

1

the helium ground state and the 2°S metastable level, while the major

destruction process is radiative decay at 50168 (31P - le). The
10 ™3 for helium pressure

2 torr, current 100 mA) are in poor agreement with the values of ~ 1012 an”™3

populations calculated in this way (v 4 x 10

implied by the present experiment. The principal cause of this discrepancy
is uncertainty in the cross-section for eicitation of the SlP level from
the metastable level. Populations of the 3, 41P levels of helium of
~ 1012 cm'3 have been reported also by Kruse (21) for helium discharges
under conditions close to those studied in this work (helium pressure 1 torr,
discharge diameter 1 cm, currents 0-500 mA).
A possible consequence of the large populations (v 1012 cm_s) in
the higher levels of helium is that they too may contribute to the Pemning
excitation of the upper laser levels Ss2 2D3 /2,5/2 of the cadmium ion.
When cadmium vapour is admitted to the absorption cell (Chapter IV)
the parametric behaviour of the spontaneous emission at 44168 shows the
same characteristics as are observed in a laser (Appendix I), namely
distinct maxima in the dependence of the spontaneous emission on discharge
current, helium pressure and ¢admium oven temperature.
The cadmium neutral density in the discharge was determined
(Se(;tion 4.2) by measuring the absorption of the CdI intercombination
resonance line at 3261R (53P1 - 5180). The cadmium neutral density was

found to vary little with the discharge current and the helium pressure,
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but to be controlled by the oven temperature, which determines the vapour
pressure of the cadmium within the oven. For optimum spontaneous emission
at 44163 (and hence optimum laser power) the cadmium neutral density is
~v 2 x 1085 em™3,
The presence of cadmium vapour has two effects on the metastable
populations (Section 4.3).
First, these populations are reduced by a factor of 2 when the
optimum cadmium partial pressure for lasing is present. This reduction
. is due to a decrease in the production rate of the ﬁetastable species
since the presence of cadmium lowers the E/p value of the discharge and

hence lowers the mean energy of the electrons. The high energy tail of

the electron energy distribution is further depleted due to excitation

of low-lying levels of CdI. The introduction of an additional loss
process, Penning ionization, for the helium triplet metastables does not
significantly alter the population of this level, since the ratio of
the loss by Penning jonization to that by electron collisional de-excitation
is 0.1 for typical lasing conditions (Section 4.3).

The second effect of cadmium vapour on the metastable populations
is that the currents at which saturation occurs are higher (60-120 mA)
than for the pure helium discharge (10-50 mA). The presence of cadmium
vapour, by reducing the E/p value of the discharge, reduces the production
rate and electron de-excitation rate for metastables. Inspection of
equation (3.9) (Section 3.4) shows that higher currénts are then required
before electron collisional de-excitation dominates the other loss processes,
ie the current at which saturation occurs is higher. In view of the
lowered production rate for metastables when cadmium is present, their
densities at saturation are also reduced.

The spontaneous emission at 44168 as a function of current and

pressure (for a fixed oven temperature, ie constant density of cadmium
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ground state neutrals, Section 4.2) is found to follow the dependence of
the triplet metastable densities on these parameters. The variation of
spontaneous emission at 44168 with oven temperature shows a pronounced
maximm for an oven temperature of 240°C. As the cadmium neutral density
steadily increases with oven temperéture (Section 4.2) while the metastable
densities steadily decrease (Section 4.3) the maximum in the spontaneoué
emission at 4416R is consistent with the view (1,2) that fhe production

rate of the upper level of this transition (Ss2 i

DS/Z’ CdII) is proportional
to the product of the helium metastable density and the cadmium ground
state neutral density.

From the measured densities of metastable and neutral species in

2 ZD

the He-Cd discharge (Chapter IV) and the decay rates of the 5s 5/2 level

of CdII (the upper level of the 44163 laser transition) (Chapter V) the
10 cm'S

population of this level is now calculated as 1 x 10 under typical

lasing conditions (helium pressure 2-4 torr, discharge current 120 mA,

13 cm_s). The calculation does

and oven temperature giving NCd ~ 2x 10
not include excitation of the 5s° 2Ds/z level by collisions with helium
atoms in states above the metastable levels. This may explain the
difference between the present estimation and the value 6 x 1010 en™3
obtained by Hodges (44). The behaviour at 44168 of the He-Cd laser with
respect to its three important operating parameters (helium filling pressure,
cadmium oven temperature and discharge current) is thus explained by the
behavipur of the metastable densities and ground state cadmium atoms with
these parameters, with the excitation rate of the upper laser level
proportional to the product of the metastable density and the ground state
metal density. These conclusions should be valid also for other metal

vapour laser systems such as He-Zn and He-Se where upper laser levels are

populated by Pemning collisions.
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6.3 Perturbation Spectroscopy

In the perturbation spectroscopy experiments (Chapter V) the
radiation field within the cavity of a He-Cd laser operating at 44168

is chopped at 1600 Hz. Synchronous changes in the sidelight are observed

22 2 2 2
Dg/p = 5P “Pgyp, CAII), 21448 (5p “P,,, - 5s °S

2 2 2

Analysis of the perturbations at 2144% and 44168 (Section 5.4.2)

at 4416} (5s CdIT)

3/2 1/2°*

and 32508 (5s

yield an average value for the non-radiative decay rate, Yi» of the

SS2 2 6 S-—l

D level of CdIT of y; = 1.2 + 0.3 x 10 . A slight variation

5/2
of this non-radiative decay rate with current was seen, but no functional

- dependence on oven temperaturé or helium pressure. Slight variations

of Y1 with pressure and oven temperature have been observed (61,62) but

for pressures below 1.5 torr where the discharge is less noisy. In the
present experiments small changes in Y1 could easiiy be masked by

discharge fluctuations. While taking the average of the values of Y1

over the range of conditions appropriate to laser oscillation conceals
small variations, the value obtained may be used as an estimate in the
analysis of the laser system. The most significant contribution to Y1

is diffusion of ions in the radial field of the discharge to the tube
walls. The transit time to the walls for an ion initially at the centre of
a tube of radius 2 mm is approximately 1 us (Section 5.4.2) which is
similar to the radiative lifetime of » 0.8 us (70,71) for the 5s’ ZDS/Z
level of CdII.

The present result, Y1 = 12 + 0.8 % 106 s_l, is in agreement with
the results of Klein and Maydan (61) who found that the total decay rate
varied in the range 1.5-1.9X 100 s"l and with the results of Dienes
and Sosnowski (62) whose values for Y, were a factor of 2-3 higher than

“those of Klein and Maydan.

There is however a large discrepancy between the present result for
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Y1 and that of Lis (66) who found a value Yy = 40 x 106 shl. This is

shown (Section 5.4.2) to be due to the use by Lis of the ratio of the
populations of the upper and lower laser leyels of the 4416] transition
(552 ZDS/Z’ 5p 2P3/2 respectively) which was derived by Hodges (67).
The value derived by Hodges for this ratio is ~ 0.5, while the present
experiments indicate a mﬁch lower value, ~ 0.03. Using this latter
value for the ratio of population to re-interpret the results of Lis

1

gives a value of vy = 1.8 x 10° s —, in agreement with the present value.

A crucial test of the differing values for the ratio of the

populations of the 55 ZDS/Z and Sp ZPS/2 levels would be a search for
2 2 2

Dy 58
Hodges this transition should not lase because of the large population

laser oscillation at 3536R (Ss P3/2, CdII). According to
of the lower 5p ZPS/2 level, in contradiction to the conclusions of the
present work. Two main difficulties would be present in such a'search.
First, oscillation at 3250R would have to be quenched (as the 32508
laser transition has the same upper level as the transition at 35363)
and second, the losses in the system would have to be less than the gain

Lin a tube containing a single isotope of cadmium.

of 1% m
From the ratio of the spontaneous emission intensities at 21448
and 44163 the excitation rates of the lower and upper levels of the
4416} laser transition are in the ratio 3:1 under typical conditions for
lasing. The excitation to the lower laser level is via radiative

cascade from levels of the cadmium ion which are excited by charge

transfer collisions. The upper laser level is excited by Penning

collisions.
A perturbation at 3250R (5s? 2DS/2 - 5p zpl/z, CdII) is found
{Section 5.4.3) to have a parametric¢ behaviour which necessitates the

2

inclusion of coupling to the 552 D3/2 level (the upper level of the
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SZSOﬂ_transition) from both the upper (Ss2 zDs/z) and 1ower(Sp ZPS/Z)

level of the 44168 transition. This coupling is via electron collisions.

The cross-section for excitation to the 552 2

22

D3/2 level from the

Ss D5/2 level is 7 x 10710 cmz, a value typical of gas kinetic cross-

sections. The cross-section for excitation from the 5s 2P3/2 level to

2 2 13

the 5s D3/2 level is found to be 7 x 10 cmz, which is extremely

large for an atomic collision process. A plausibility argument based
on this cross-section and applying the principle of detailed balance

shows that the electron de-excitation rate of the Ss2 ZDS/Z upper laser

6 1

level should be far higher (v 70 x 10 s-l) than is observed (v 1 x 106 g

Section 5.4.2). At present, however, it is not possible to resolve this
inconsistency.

Very little is known about electron collisions with levels which

are already excited, but if the present large cross-section of 7 x 10'13 cm2

for transitions between the 552 sz/z and 5s 2P3/2-levels is valid, it

could indicate a collision involving a transient intermediate state, for

example an autoionizing level of neutral cadmium.
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APPENDIX I

CONSTRUCTION OF A CATAPHORETIC HELIUM-CADMIUM LASER
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Al.1 Introduction

The technology associated with the helium-cadmium laser is very
similar to that of the well established helium-neon system except
that somewhat higher current densities are needed as well as the means
for introducing into the discharge a uniform vapour pressure of cadmium.
Goldsborough (4) and Sosnowski (3) found that if cadmium vapour is
continuously introduced into the helium capillary diécharge at the
anodé end then cataphoresis causes a flow of metal ions towards the
cathode at a controlled even rate. The positive colum of the discharge
becomes thereby a region where the metal vapour density is uniform, and
by adjusting the vapour pressure in the cadmium source it is possible
to obtain cadmium densities of the correct magnitude for laser
oscillation. The construction of the laser system will be discussed
in three sections : the laser tube and the vacuum system, the oven
design, and the cathode processing and performance. Typiéal output
power curves are shown as a function of the parameters:discharge
current, helium filling pressure and cadmium oven temperature.

Al.2 The laser tube and vacuum system

The laser tube is shown schematically in Fig. AI.l. The capillary
tube, electrode envelopes, Brewster angle window assemblies and tee
sections were quartz. The capillary tube was 2.5 mm i.d., 5.1 mm o.d.
and 60 cm long. The tube had been specially selected by the suppliers
(Jencons) for straightness and wniformity of bore.

The two hollow electrodes were turned from 94% Al - 6% Cu alloy
and were supported by the tungsten to quartz seals which provided
electrical connection. The electrodes were made identical so that either
could be used as the cathode. This allowed the direction of the cadmium
flow to be reversed.

Spirals made from pyrex tube of 5 mm bore and length 150 cm were
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attached at one end to electrode envelopes through quartz to pyrex
seals, and at the other to stainless steel valves (Hoke Type H72 G4Y)
by pyrex to Nilo-K seals. These spirals prevented the discharge
running to the metal vacuum system on the other side of the valves.
Enlarged sections of the tube (approximately 2 cm diameter and
3 cm long) were provided at each end of the quartz capillary. The one
near the anode contained a few pellets of cadmium metal of natural
isotopic composition (BDH 'Analar' grade) and was enclosed by the oven.
The other was not covered and was therefore cooled by convection.
 As the discharge heating of the tube wall was much reduced by the larger
diameter the cadmium vapour condensed in this region. The discharge
heating in the capillary, however, maintained a sufficiently high wall
temperature, without the need for heaters or extra insulation, to

prevent condensation of the cadmium in this section of the tube.

No special procedure was adopted to accurately align the Brewster
angle windows at the tube ends. The presence of the helium was most
effective in preventing diffusion of cadmium to the windows.

The vacuum and gas filling system, shown schematically in Fig. AI.2,
was constructed from stainless steel with gold 'O'-ring seals. Connection
to the laser tube was made with short sections of }'" o.d. stainless
steel pipe. A stainless steel system was used since it could be
left open to the laser tube (to monitor pressure) for extended periods,
while sealed off from the pump, with little outgassing.

The system was pumped by a two-~stage rotary pump (Metrovac GDR 1)
with a zeolite-filled oil vapour trap (Vacuum Generators RT 1). The

system reached a base pressure of 102

torr, measured with a Pirani
gauge (Bdwards M6A, range 0.001 ~ 0.5 torr). Gas filling pressure was
monitored with a O - 10 torr capsule gauge (AEI). The two valves on
the laser tube were arranged so that helium could be flushed through

the system (with or without a discharge). This facility was found to
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be unnecessary and was eliminated from later tubes. Helium of 4N5
purity was used (BDH 'Labgas').

The laser discharge was run from a 0-15 kV, O-1A power supply
of conventional design (three phase bridge rectification followed by
smoothing capacitors). As this supply was not current regulated a
40 kq ballast resistor was placed in series with the tube for stability
of the discharge.
Al.3 Cadmium Oven Design

The first design of the oven used to heat the cadmium at the anode
end of the discharge consisted of two semi-cylindrical asbestos sections
with a hole in each end through which the discharge tube passed. The
inside was of such diameter that the heating element fitted closely to
the enlarged section of the tube holding the cadmium. The two sections
fitted over the tube and were bolted together to give a small (3" diameter
x 2" long) robust oven. The heating elements (one to each semi-
cylindrical section) consisfed of five turns of nichrome wire (2 mm x
0.16 mm) wound over a quartz former with notched ends to keep the turns
separated.

A chromel-alumel thermocouple monitored the oven temperature.

The thermocouple was placed on the enlarged section of the tube and
covered with thin asbestos sheet to avoid direct contact with the heater
turns. The output of the thermocouple was comnected to the temperature
controller (Ether 'Transitrol' type 991 G). The required oven temperature
was set and maintained to + 1C° by the controller.

Subsequent tubes were constructed using flexible ovens (Electro-
thermal), capable of dissipating 400 W at up to 1000°C.

Al.4 Cathode Requirements

Prior to operation in helium the cathode required processing. This
was carried out by running a discharge in air at a pressure of a few

torr and a current of 50 mA for thirty minutes. The tube was then
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evacuated to the base pressure of the pump and filled with 3-4 torr of
helium and a 100 mA discharge initiated. Due to outgassing during this
first discharge the system was pumped out and refilled after a further
thirty minutes.

For a cathode of the dimensions in Fig. AI.l and processed in
the above way, sputter free operation in helium at 3 torr was obtained
up to 100 mA. Operation above 100 mA was accompanied by pronounced
sputtering, and a thin film of aluminium slowly formed on the quartz
envelope around the cathode. Above 120 mA the rate of deposition was
considerable as an opaque film formed in one hour.

Larger cathodes (8'" long x 1}" o.d.) were subsequently made from
aluminium alloy (HE15TF). These cathodes have béen T up to 400 mA
with little sputtering or surface degradation. Further, the need for
processing the cathode before operation in helium was found to be
unmecessary.

Al.5 Operating Characteristics and Laser Power

When operated at 100 mA in pure helium at a pressure of 2-10 torr
the discharge voltage was 2.3 kV. As the oven temperature was increased
to the value which provided optimum cadmium concentration for laser power
at 4416} the discharge voltage dropped to 1.7 kV. The discharge took
only a few minutes to reaéh equilibrium when the cadmium oven was in
operation. The power dissipated in the quartz capillafy was about 3 W/cm.

The effects of varying the three important operating parameters
were studied. These parameters are the oven temperature (which controls
the cadmium vapour pressure), discharge current, and the helium filling
pressure. Figs. AI.3 a, b, c show the effects of keeping two of the
three parameters constant while measuring the laser output power at
44168 as a function of the third. These results indicate the form of
the dependence of the laser power on the parameter varied and the range

of the parameter over which laser oscillation occurs. Note that the
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power scale has arbitrary units - the maximum power obtained with this
laser (active length 60 cm) was 20 mW. No attempt was made to obtain
optimum coupling through the laser output mirror.

The pronounced optimum behaviour of the laser power with respect
to the three operating parameters is a characteristic feature of the

behaviour of laser transitions excited by Penning collisions.
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APPENDIX II

COMPUTER CALCULATION OF THE ABSORPTION

FOR A LINE WITH OVERLAPPING COMPONENTS
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The stepwise integration of the absorption fumctions (1 - A)A
and (1 - A) (where A = exp(-k,d) (Section 2.4))for a complex line shape
is now described. Five hundred points are generated across a frequency
interval of 20 GHz and the centre frequencies of each of the components
of the line are arranged about the centre of this interval. The value
of the absorption coefficient, ks resulting from the overlapping
Doppler profiles of each component is calculated at each of the five
hundred points.

The value of the produét of the absorption length and the density
of the absorbing species (N1) is varied over a range of 100 in increments
of 2. For each value the above integrals ave determined and values
of the absorption (%, Section 2.4) are printed against the values of
the N1 product.

Listings for the programmes to calculate the absorption at 38898
in Hel and 32618 in CdI are shown in Figs AII.1l, AII.2 respectively.

The programme for the helium line will be explained in detail - the
programme for the cadmium line is completely analogous and as far as
possible the same names for variables have been used.

The programme begins by reading the centre frequencies (HZ1, HZ2,
HZ3) of the components of the 3889% line, their relative fractional
intensities (R1, R2, R3), the frequency HZS at which the 20 GHz interval
starts (usually O GHz) and the value of the increment (HZA) of frequeﬁcy
required to give five hundred points across the 20 GHz interval.

The constants WDTH and A are given by

2
WDTH =-4~'&9-—2
A\)D
A A gu
n2 .- 2 n
= O AtEDe v PY &
A 8 \ T gl A\)D Aul (x 107)

{For simplicity some of the powers of 10 from the N1 product are
included in A at this stage so that the N1 range which occurs later in

the programme is O - 100).
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The last quantities 7read in are the starting value of the N1
product (DES) in the increment (DEA) required to cover the N1 range.

First, five hundred points along the frequency axis are generated
and stored as CYCLE (I) values (Statement 29). At each of the five
hundred points the absorption coefficient is determined by summing
the contributions from the Doppler profiles of each of the components.
These coefficients are stored (Statement 30) as TRP(I) values (TRP
abbreviates 'triplet', the second programme uses CDR to abbreviate
'cadmium resonance').

The required values of the N1 product are calculated and stored
(Statement 35).

Finally, for each of these N1 values, the absorption integrals
are evaluated step by step across the five hundred points of the

absorption profile and the value of the required function
[ - exp(-k,d)) exp(~k d) dv
Y

{ 1% exp(-k d) dv

A"

is printed with the corresponding N1 value.




// FOR
+1 0CS(CARD, TYPENRITER)
#L1ST %OURCC PROGRAN

29

30

36
24
25

DIMENSION CYCLE(500),TRP(500), Declqo)
READ( 2,21)HZ1 ,RZ2,HZ3 ,WDTH HZS HZA -
READ(2,24)A,R1,R2,R3,DES, DEA

CYCLE(1) =11Z$ ~

00291=2,500
CYCLE(!)=CYCLE(I-1)+HZA
D0301=1,500

TRP1=A%R1%EXP (~WDTH*(CYCLE(1)~HZ1)##2)
TRP2=A#R2%EXP (~WDTH# (CYCLE(})~HZ2) %% 2)
TRP3=A#R3#EXP (~WDTHs (CYCLE(I)-HZ3)*x2)
TRP(1)=TRP1+TRP2+TRP3
DE(1)=DES |

D035J=2,100

DE(J)=DE(J~1)+DEA

DO36J=1,100

ABSA=0,0

ABSB=0,0

D031 11,500 .
ARSA=ABSA+(1,~EXP(~DE(J)*TRP(1)
ABSB=ABSB+(1.~EXP(~DE(J)=«TRP(I)
ANS=1.~ABSA/ ABSB
WRITE(1,25)DE(J),ANS

FORMAT (6F10,5)

FORMAT (2F10.5)

CALL EXIT -

END

) ) w‘r‘z 3
)

Flg AII.1 Listing of the programme used for relating

absorptlon at 3880R (HeI) to the reduced
helium triplet metastable den51ty




// FOR
* | @S(CARD, TYPEWRITER)
sL1ST SOURCE PROGRA

29

2

%0
24

25

DIMENSION CYCLE(500),CDR(500),DE(100)
READ(2,2u)1121 ,HZ2, HZE HZ4 HZ5,HZ6

READ(Z,QQ)HZ7,HZS,HZQ,HZlO,HZS,HZA
READ(2,2u)WDTH,A,R1,R2,R3,Rh '
READ(2,24)R5,R6,R7,R&,R9,R10

READ(2,25)DES, DEA

CYCLE(1)=HZS

D0291=2,500 '
CYCLE(I)=CYCLE(I~1)+HZA

DO301=1,500

CDR1I=A*RI#*EXP(-VDTHxCCYCLE(!)-HZ1)#**2)

COR2=A*R2*EXP(-VDTH* (CYCLE(!1)~-HZ2)*=*2)

COR3=A*R3*EXP(-VDTH*(CYCLE(1)=HZ3)»x2)

CDRu=A#RLU*EXP(=VDTH=(CYCLE(I)-HZuL)*%2)
COR5 =A*R5#EXP(-WDTH* (CYCLE(CI)-IHZ5)*=2)
CORGE=A*RE#EXP(~VDTHs (CYCLECI)-HZG) #x2)
COR7=A#R7*EXP(~VIDTH#* (CYCLE(I)-HZ7)#*2)
CORB=A*R8*EXP(~VDTH*(CYCLE(1)~HZ8)**2)
CORI=A*RI+EXP(~VIDTH= (CYCLE (I )-HZQ)=#%2)
COR10=A*R10*EXP(-VDTHx(CYCLE(I)-HZ10)*=*2) -
CDOR(1)=CDRL+CDR2+ CDRJ+CDR&%CDR5+PDRG+CDR7+CDRQ4CDR0+CDP’“
DE(1)=DES .
DO354=2,50

DE(J)=DE(J-1)+DEA

003GJ=1,50

ABSA=0.0

ARSB=0.0

DO31t=1,500

 ARSA=ADBSA+(1.-EXP(-DE(J)*CDR(1))) =2

ABSB=ABSB+(1.-EXP(-DE(J)*CDR(1)))
ANS=1,-ARSA/ABSEB
WRITE(1,25)DE(J), ANS

.FORMAT(6F10.,5)

FORMAT(2F10.5)
CALL EXIT
END

Fig. AIL.2- Listing of the programme used for relating absorption

at 32618 (CdI) to the cadmium ground'state neutral density.
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