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ABSTRACT

Modulatlion of spontaneously omitted sidelight due to
laser induced perturbations in a He-Ne laser plasma has been
observed by several authors. The study of these modulations
can be employed to obtaln rate coefficients of the He-Ne
plasma. The method was first described by Parks and Javan
who studlied the pressure variations of sldelight intensity
changes in a Ne plasma perturbed by a 1.15u laser radiation
field. Thelr results ylelded energy exchange rates between
the Ns'(1/2)g and 45'(1/2)8 levels of the Ne due to atom-
atom collisions. Similar studies were carried out by Lilly
and Holmes for the 53'(1/2)? and 58'(1/2)8 levels of Ne
using a 63282 laser radiation field. Khalkin studied the
electronic excitation of Ne levels lying above the 5s'(1/2)g
upper laser level for a He-Ne plasma oscillating in the

63288 or 3.391u transitions.

Since in a He-Ne plasma energy exchange between excited
states can be caused simultaneously by electron-atom and
atom-atom collisions, we lnvestigated selected cases in
which both energy transfer mechanisms occur. Unlike the
authors mentloned previously, we studied current and pres-
sure dependence of sidelight changes 1n the region of laser
operation and fitted our experimental values to equations
which contained both electronlic and atomle paraﬁeters. In

pafticular, we studied the de-excitation rates of the upper

-1-



and lower laser level, 53'(1/2)3 and 3p'(1 1/2)2, in a laser
operating in the 63288 transition. Furthermore, we investi-
gated the energy exchange between the 55'(1/2)2 and 53'(1/2)8
levels in Ne as well as between the 55'(1/2)2 and 44(3 1/2)g
levels. In the latter case the energy exchange occurs be-

tween two states of different azimuthal quantum numbers, and
we found that energy exchange due to electron-atom collisions
occurs, but 1s small compared to the exchange between atoms

of the same azimuthal quantum number.

In some cases collisional coupling between atoms of dif-
ferent levels was too complicated to analyze. In those
cases we made measurements for different pressures and
extrapolated to zero pressures in order to obtain the pure
electronic effect. This was true for the 4d', 5d', 6s'(1/2)]

and the 5s(1 1/2)2 levels.



I. INTRODUCTION

The basic mechanism of operation of the He-Ne laser has
been extensively described in literature, and simple theories
have been established. There are, however, many mechanisms
in the plasma which are only described qualitatively and
which are not included in those theories. For example, ra-
diation from the 5s, U4s and 3s states to the ground state of
Ne will be greatly self-absorbed, thus leading tc an in-
creased lifetime of these transitions, typically in the order
of 10-6 sec. Thus, direct transition to the ground state is
not an important de-excitation mechanism for the 5s and Us
levels. For the 3s state, 1t is the only means of radiative
de-excitation. Under steady-state conditions, the density
of atoms in the 3s states should therefore build up. As
this process goes on, transitions terminating in the 3s state
may also become self-absorbed. This eventually must lead to
a bottleneck for laser transitions terminating on 3p levels,
slnce 3p-3s transitions are necessary for maintaining inver-

sion. This is one mechanism which can be used for the ex-

planation of saturation phenomena.

A further complication is introduced by inelastic colli-
sions between electrons and atoms. For example, if a sub-
stantlal population of the 3s level is built up, malnly
through collisions between electrons and atoms in the ground

state, 1lnelastic electron collisions with 3s atoms will in-

-3-



crease the population of the 3p levels. This effect adds to
any enhancement of the 3p population arising from entrap-
ment of 3p-3s radiation; in this way inelastic electron col-
lisions add to the bottleneck and the saturation effect

arising therefrom.

No one has yet tried to use these qualitative ideas for
the construction of a quantitative theory describing more
accurately the operation of a He-Ne laser. Part of the rea-
son 1s that only very limited data about the excitation and
de-excitation mechanisms exists, and much more data is
needed. Also the problem 1s complicated, because of the

complexity of the Ne spectrum.

In our work, we will focus our attention on non-radia-
tive excltation and de-excltation mechanisms between excited
states 1ln a He-Ne plasma, especially on those which involve
electron impact phenomena. One way to measure electron-atom
collision cross-sections 1s to send a monoenergetic beam of
electrons into a gas and measure the rate of some resulting
reactlon. For excitation, for example, the rate may be de-
termined from the decrease of the electron current or from
measurements of the absolute intensities of all the spectral
lines coming from the excited atom. Another way to measure
excitatlion and de-excitation rates 1s to employ spectroscopic
techniques, and a laser plasma is a suitable object for using

such techniques. 1In a laser it is possible to perturb se-
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lectively, out of the whole set of atomic levels, the popula-
tions of only a very few levels. Other levels can only be
perturbed if they are somehow connected, either through ra-
diative, electronlic or atomic processes, to one of the
orliginally perturbed levels. The study of these perturba-
tions will give us information about some of the excitation

and de-excitation mechanisms in the gas plasma.

The latter method will be used in our experiment, and
the theory will be described in the following Chapter (II).
In Chapter III the experiment will be explained, and the re-

sults wlll be discussed in Chapter IV.

The notation for the atomic levels used throughout this

work will be the Racah notation for j-& coupling as used by
(1)

C. Moore



II. THEORY

II.1 Concept of Effective Collision Cross-Sections

Different effects may result from the encounter of an
electron with a gas atom or molecule. They can be distin-
guished as elastic, inelastic, superelastic, or radiative.
If no energy exchange takes place between the internal mo-
tion of the atom and the electron, the collision 1s called
elastic. The only change occurring is 1n the translational
energy which can lncrease or decrease for either electron or

atom after such a collision.

In an inelastic collision some kinetlc energy is lost
by the electron in increasing internal motion in the atom.
Distinctlon may be made between lonizing and non-ionizing
collisions, depending on whether or not sufficient energy is
transferred to cause ejection of one or more electrons from
the atom. Non-ionlzlng inelastlc collisions will involve
excitation of distinct atomic states. It 1s this kind of

collision we will mainly encounter in a He-Ne gas laser.

Superelastic collisions can occur only between an
electron and an excited atom. They are such that an electron
galns energy from the internal motion of the atom. This is,
of course, only possible if the atom 1s in an excited state.
Collisions of this type occur predominantly between electrons

and metastable atoms.



Collisions may also occur in which electromagnetic
radiation 1s emitted. They are essentially inelastic as
far as the electron is concerned, but differ in that the

whole or part of the additional energy 1s lost as radiation.

In order to understand the concept of effective cross
section, we imagine the following experiment carried out in
a real gas. A beam of electrons of homogeneous velocity is
directed into a gas. The probabllity per unit distance W,
that one electron interacts with a gas particle in a distance

dz 1s
Wdz = nocedz (II.1)

n, 1s the density of the gas particles, and o 1s called the
effective cross section for this process. If ng 1s the
total-number of electrons, the number of electrons under-

going a collision in a distance dz is given by

_ e
dn = n, Xng, xo (ve)dz (I1.2)

The number of collisions per unit time is given by

g_lf} = no X ne X ce(ve)ve (II-3)
In the case that the electrons have a certain veloclty spec-
trum, equation (II.3) can be written, with n, = / nv dv,

-7-



dn

g = 0o [ nvov oty lav, (II.4)

Normally, however, nv, and oe(ve) are not known, and one uses
the approximation

%% =n, xn, x ¥ xg° (II.5)
where Ge 1s the average electron velocity and o€ 1s the

average effective cross section for the collision process.

This 1is the classical derivation of the effective col-
lision cross section, and no specifications are made what
kind of collisions, elastic or inelastic, is described by
the effective collision cross section o°. Thus we can define
effective cross sections for both processes, elastic colli-
sions and inelastic collisions. For the total collision

cross section we can write

- -e
= o + ch (I1.6)

3§ is the collision cross section for the elastic collision,
and 32 1s the collision cross section for inelastic colli-

sions 1nvolving excitation of the nth state of the atom.

The same definition of an effective cross sectlon Ea
can be made for atomic collisions. 1In analogue to equation

(II.6) we can write



-a _ =a -a
0 = a_ + Zon (I1.6a)

In our experiment, the measured cross sections will be
those of 1nelastic collisions. Our experiment will give in-
formation about the changes in the internal motions of the

atoms caused by electronic and atomic impact.

The derivation above was made on the classical assump-
tion that the colliding particles are rigid spheres. The
actual gas particles are not rigid spheres with defined
boundaries - the force between atom and electron will fall
off continuously and not drop suddenly to zero. Classically,
as long as a field exists between electron and atom for all
distance, some deviation of the path of the colliding part-
ners will occur, thus yielding an infinite collision cross
section. However, taking into account quantum uncertainty
effects, 1t turns out that a finite value of the total ef-
fective cross section 1s to be expected, provided the force
between an atom and an electron falls off faster than r'3

(2)

for large separations, r.



IT.2 Modulation of the Upper and Lower Laser Levels

In the followlng discussion we will restrict ourselves
to a He-Ne laser operating in the 63288 line. For such a
laser, population inversion has been produced between the
55'(1/2)? and the 3p'(1 1/2)2 levels of neon. The 53'(1/2)?
level has been selectlvely excited through inelastic colli-
sion of Ne ground state atoms with metastable 2180He atoms

vlia the process

Ne (ground state) + He(2lSO) +> NE(SS'(l/z)g>

+ He(ground state) (II.7)

This process results in the deslired population inversion.
Figure (II.1l) represents the energy level diagram for neon

and shows processes involved in the 63288 laser transition.

For the case of population inversion, we can write
for the populations of the 5s'(1/2)g - level and the

3p' (1 1/2)2 - level the following inequality

' 0
B3 (1 1/2))) " T T8 00

n(3p' (1 1/2)2) (I1.8)

where g3, (3 1/2),) and g are the statistical

(551(1/2)))

-10-
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welghts of the correspondlng levels.

An applied electromagnetic signal, which is in reso-
nance with the 55'(1/2)3 - 3p'(1 1/2)2 transition, will lead
to an increase in the rate of transitions of the atoms be-
tween the Ss'(l/z)g level and the 3p'(1 1/2)2 level through
stimulated emission and adsorption. In the absence of the
electromagnetic signal, the transition rate is malnly deter-
mined by the spontaneous transition probability A(SS'(1/2)3
- 3p'(1 1/2)2). Therefore, in the presence of the electro-
magnetic signal, the population of the 53'(1/2)2 level de-
creases, while at the same time the population of the
3p'(1 1/2) level increases. If the signal is removed, the
upper 55'(1/2)3 level is again heavily populated through
the already described collisions of the ground state Ne
atoms with the metastabile lSOHe atoms. For the population
changes An(5s'(1/2)%) and an(3p'(1 1/2),), i.e., the differ-
ence of the populations 1n the presence and absence of the

electromagnetic signal, we can write:

An(55'(l/2)g) = n o(signal present)
58'(1/2),

n o(signal absent) (I1.9)
5s'(1/2) 4

An(3p'(1 1/2),) = N3p(1 1/2)2(signal present)

= N3pq1 1/2),(signal absent) (II.10)
-12-~



We see also that the population changes carry opposite signs.
If we now interrupt the electromagnetic signal periodically
at a certain frequency, the populations of the two levels
involved will be modulated at thls frequency carrying oppo-
site phase. The changes in the populations of any two

levels are related to the changes in the intensities of spon-

taneously emitted light from these levels through(3)

An A, A, AI
1 _ .12 "1 (II.11)

An2 A2 A1 AI2

A2/A1 1s the ratio of the Elnstein coefficients for sponta-
neous emission from the levels (1) and (2}, A, and A, are

the wavelengths of the spontaneocusly emitted lines.

Thus, by measuring the changes in the Intensities, we
are able to observe changes 1n the populations of different

levels in the Ne-He gas mixture.

-13~-



I1.3 De-excitation of the Upper and Lower Laser Levels

In this and the following paragraphs we will describe
several cases where the measurement of the spontaneously
emitted sidelight intensity changes can be employed to deter-
mine atomic and electronic parameters of excitation and de-

excitation in the gas plasma.

If we are only interested in the de-excitation of the
upper and lower laser levels through radiative and collision-
al processes, a simple analysis may be used to determine the
de-excitation parameters for these two levels. The situa-
tion is shown in Figure (II.2) for a He-Ne laser operating
in the 63288 1line. In the presence of the electromagnetic
signal, the rate equations for the populations of the upper
and lower levels under steady state conditions can be writ-

ten:

o
]

2 . =
- = R, - B(ng-nl) = Yon, + Yypony = 0 (II1.12)
dn1
gt = By ¢+ B(n2-nl) = Yy + Y590, =0 (II.13)

n,, n, are the populations of the upper and lower laser
levels, respectively. B is the Einstein coefficient of
stimulated emission. Yy is the total de-excitation rate of
the level 1, contalning radiative and collisional effects.

Yk is the rate of excitation from level i to level k. Ri

-1U



Figure II.2 - Excitation and De-excitation
Parameters
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1s the pumping rate of level i1 due to all remaining processes,
l.e., processes due to electron impact from the ground state,
and, for the upper laser level, collisions of Ne ground

state atoms with the lSoHe metastables. Cascading transi-
tions from higher levels into (1) and (2) are also included

in Ri'

If we remove the electromagnetic signal, we can write

a second set of rate equatlons for our steady state atomic

system.

dné

—_c = RrY _ ' |

T RS Yons + v o0y 0 (II.12a)

dni

— = L T t =

It Rl Y104 + Y104 0 (II.13a)
ni, né are the populations of the upper and lower laser

levels 1in the absence of the electromagnetic field. The
pumping rate Ri are functions of pressure and current. In
order to eliminate their effects, we assume that they are
basically unchanged by the presence of the laser radiation
field. We can justify this assumption by pointing out that
the Ri represent excitations from levels which are not

directly Involved in the lasing mechanism. We thus assume:

R. = R! (II.lMa)

R, = R} . (II.14p)

-16-



Subtracting now equation (II.1l2a) from equation (II.12) and
equation (II.13a) from equation (II.13) and forming the

ratio Anl/An2, we obtailn:

i W Pl PPl
Tt Yoy (I1.15)
2 1~Y12
The transition rates on the right hand side of equation
(II.15) contain radiative parts as well as effects due to
atom-atom collisions and electron atom collisions. We can

write more explicitly:

N (II.16)
R (II.17)
Yor = Aoy * Y31 * Y3 (11.18)
Y12 = Yip * 1o (I1.19)

Al,A2 are the total radiative transition probabilities from

level |1> and |2>. A,, is the Einstein coefficient for

21
spontaneous emisslion from level |2> to level |1>, in our
case for the transition A = 63288 (5s'(1/2)] » 3p' (1 1/2),).
The index a indicates that only atoms are involved in the
excitation and de-excitation, while the index e signifies

the participation of only electrons in the energy transfer

-17-



processes.

Since the upper and lower levels, 55'(1/2)8 and
3p' (1 1/2)2, are 1.9625 ev apart, a thermal energy exchange
between atoms of these two levels is very unlikely because
the energy separation between them is much larger than k-T.
[ .03 ev]. We thus neglect the atomic coupling parameters

Yi2 and Ygl’ and equation (II.15) becomes:

a, e e
Any _ Ratotvamvay Ay, (1T.20)
An, A +y2y oyt ’
1TY1Y17 Y10

Since ya is proportional to the density of the ground state
atoms and thus to the pressure, and ye i1s proportional to

the electron density and thus to the current (this 1s accu~
rate for He-Ne lasers), the measurement of Anl/An2 in depen-
dence of pressure and current will give us information about

the electronic and atomic parameters in equation (II.20).

The collisional de-excitation is mainly due to pro-

cesses of the kind
Ne(3p'(1 1/2)2) + Ne(0) ¥ Ne(3p) + Ne(0) + AE (II.21)
for the lower laser level aqd

Ne(53'(1/2)g) + Ne(0) ¥ Ne(5s) + Ne(0) + AE (II.22)

~18-



Ne(55'(1/2)g) + He(0) Z Ne(0) + He(2lso) + AE (II.22a)

Ne(0) and He(0) represent Ne and He atoms in the ground state,
and AE 1s the kinetic energy lost or gained by the atoms in
the collision. We clearly see that, through collisional
coupling the other 5s levels will be modulated. Transitions
from these levels to the lower laser level will influence

the modulation of the lower level. This effect is not in-
cluded in our theory. However, the modulation of those

levels 1s small, in the order of 1-3 percent, compared to
20-30 percent modulation of the 55'(1/2)% level and may

therefore be neglected, at least in a first approximation.

-19-



IT.4 Excitation and De-excitation of Levels other than the

Laser Levels

Experimentally it i1s observed that the populations of
a large number of levels not directly participating in the
lasing mechanism, are modulated.(u) This shows that these
levels are somehow connected to the laser levels, either
through radiative or collisional processes. Lilly and
Holmes(5) observed strong atomic collisional coupling be-
tween the 53'(1/2)3 upper laser level and the adjacent
55'(1/2)8 level. Thils can be expected since these two lev-
els are less than 1lkT apart. The process responsible for

this energy exchange can be written

Ne(55'(1/2)9) + Ne(0) ¥ Ne(5s'(1/2)°

+ Ne(0) = AE (I1.23)

The study of the pressure dependence of this effect will
yield the atomic collision rates involved in this process.
We further observed a current dependence of the energy ex-
change between the two levels, suggesting that besides atom-
atom collisions, atom electron collisions are also responsi-

ble for the energy transfer between the two levels.

Ne(Ss'(l/E)g) +ted Ne(5s'(1/2)g) ‘e (II.24)
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The situation 1s, in a simplified version, shown in Figure

(I1.3).

The rate equation for level |1> (55'(1/2)8) is given,
in the presence of the laser radiation field, under steady

state conditions:

Q.

n
1 _ =

S B ST AR P LP R (I1.25)

where the y's have the same meaning as in the foregoling Chap-
ter. A similar equation can be written down for the case of

the absence of the laser radiation field.

o
s

n
t

= ! - ! =
Rl Y{nj + yélné 0 (II.26)

o))

We assume again that the pumping rate of level |1>, which ac-
counts for the excitation of level |l> through all remaining
mechanlsms which are not directly connected with the lasing
action, does not change in the presence of the laser radia-

tion fleld. Hence we can set

(II.27)

Subtracting equation (II.26) from equation (II.25), a simple
expression for the population change ratilos Anl/An2 is ob-

talned
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y
1 _21 (II1.28)

Y51 Which describes the coupling between the 53'(1/2)8 and
the 53'(1/2)8 levels, contains a pressure dependent part,
Ygl’ which 1s due to the atom-atom collisions, and a current
dependent part, Ygl’ which 1s due to electron-atom collisions.
Y, the total de-excitation rate for level [1>, is the sum of
the radiative, atomic and electronlc de-excitation rates. We
write more explicitly for equation (II.28)

Any  ¥5p*r5;

- (I1.29)
An a, e
2 A1+Yl+yl

Since the atomic parameters are proportional to the
pressure unlt the electronlic parameters are proportional to
the current, we expect 1in general for the intensity ratioc of

lines originating from the two levels:

AT

1
AI2

(II1.30)

‘D b-1
d + e

a +
¢ + d-p -1
A more complicated case arises if we want to study col-
lisional coupling between several levels. The following ex-
ample may 1llustrate the situation (Figure II.4). If we are
interested in the excitation of the 5s(1 1/2)J level, for in-
stance, we will have to consider energy transfer contribu-

tions from all other 5s levels. The rate equations for this

system of atomlc levels are:
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oR
o]
[

T = Rl - Y04 + 721n2 + y3ln3 + Yy10y (I1.31)
dn2
at = Rp = Yonp + vpon) + vgong +oyyony (II.32)
dn3
3t = B3 - Y3ng + Yy a0y 4 Yoy + Y30y (II.33)
dnu
a = Ry - vyny - B(ny=ny) + yyunq + y,n,

+ y3un3 (II.34)
dno
a& = Ro = YoM * YoMy * Ypolp t Y3gng + vypny

+ B(nu—no) (II.35)

These five equations lead to a quite complicated ex-
pression for the ratios Ani/Ank. It is almost impossible to
analyze these expressions since products of excitation and
de-excitation rates will occur, and no decision can be made

about one factor if the other is not known.

A possiblé way to avold these difficulties is to record
the ratio AIi/AIk as a function of the current for various
pressures. We then can extrapolate our measured curves to
zero pressure 1n order to obtain just the pure electronic
effect. Thls method, however, will be inaccurate since we
do not know exactly either to use linear, quadratic or other
extrapolation. Since we are, however, working at very low

pressures, a linear extrapolation may be justified in many
=24



cases.

The above mentlioned difficulty does not occur for the
excltation of a group of levels which lie well above the
upper laser level, so that atom=-atom collisions can be ex-
cluded as a possible mechanism of energy transfer. Thls has
been experimentally confirmed (See Chapter IV.7). The modu-
lation of the populations of these levels are mainly caused
by collisions of electrons with atoms of the 5s‘(1/2)g upper
laser level and the 3p'(1 1/2)2 lower laser level. The lev-
els excited through these almost pure electronic processes
are the nd(n>4), np(n>5), ns(n>6) and nf(n>4) levels.
Khaikin(s) has shown that the contrlibution of atoms excited
by electrons from the lower laser level 1s very small. Thus
we can write down the rate equation for this process which

1s illustrated in Figure (II.5)

[e N
N

n
t

- _ e e -
= R2 Yon, + Yy,ng 0 (I1.36)

o))

This is the equatlon for the presence of the laser field.
A second equation can be written down, for steady state, in

the absence of the radiation field

[o})
N -

n
t

- - © ! =
= R} - vypon3 + yyon) =0 (1I.37)

(e}
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From these two equations we obtain for the population change

ratio

or more explicitly
e
Y12
1 Ao

An e
2 1+y2/A2

(1I1.38)

(IT.39)

Thus, for the intensity change ratio of two lines

originating from level |2> and level |1> we expect the fol-

lowing dependence on the current:

AL, .4

AIl 1+b.1

X const.

-27-

(II.40)



III. THE EXPERIMENT

III.1 The Experimental Configuration

For our experiment we chose a He-Ne laser oscillating
in the 63288 1ine. It was also capable of oscillating in
other lines in the visible. The experimental confliguration

is shown in Figure (III.1).

A Brewster angle laser tube, filled with a He-Ne gas
mlxture, 1s placed into a cavity consisting of two mirrors
and a prism. The mirrors are dielectrically coated and have
a reflectivity larger than 99% for 6328%. Their curvatures
are 2m and 3m, respectively. The prism is desligned so that
light enters and leaves at Brewster's angle, thus minimizing
surface losses. It serves two purposes. First it helps
suppress the competing infrared transitions, and second it
enables us to select different laser transitions by reduc-

(7)

tion of dominance.

The addition of a third electrode to the laser tube
allows us to vary the current through only a small section
of the gas discharge (between electrodes A and B), while the
current through the long section (between electrodes B and C)
1s kept constant. Thus we can optimize, for a given pres-
sure, the laser output power of the long section and assume
the strongest interaction between the laser radiation field
and the plasma in the small section between electrodes A and

B. In our experiment we were able to vary the current in
-28-



the small section of the tube between 5mA and 70mA. The cur-
rent range for the large section was between 5mA to UOmA, a
range large enough to choose an optimum current for maximum

laser output for all pressures considered in this experiment.

A ballast volume is attached to the laser tube, slow-
ing down the process of contamination of the gas in the dis-
charge tube. The tube 1s permanently connected to a vacuum
system with an oil diffusion pump which is capable of pump-

ing the system down to 10~° Torr.

Both ends of the laser tube are enclosed by plexiglass
cells, one of which 1f filled with methane gas. The cells
help to reduce dust in the optical path, and the methane
gas strongly absorbs radiation of the 3.39u infrared laser
(8)

transition in the He-Ne laser.

In order to suppress superradiant infrared transitions
in the laser tube, small permanent magnets are placed along
the discharge tube. In resonators with small losses it 1is
sufficient to broaden the gain profile of the infrared lines
through Zeeman splitting by a few hundred MHZ.(9) The Dop-
pler widths of the vislble transitions which are around
1.6 GHZ, are hardly affected by the magnetic splitting, while
the gain of the 1nfrared transitions with Doppler widths of

*
a few hundred MHZ is strongly reduced. Permanent magnets

k
Availlable from Edmund Scientific, No. P-40, 818.
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of only a few hundred Oersted are sufficient to achieve the

desired gain reduction.

The spontaneously emitted sidelight from the small
dlscharge tube section 1s focused by means of a lens and,
optionally, through a slit and a wratten filter #15 into a
1/4 meter Ash Jarrel monochromater, and detected by a photo-
multiplier, type RCA IP 28. The signal is fed into a PAR
lock-in amplifier, model HR-8. The laser beam 1is interrupted
at a rate of 50 Hz by means of a chopping wheel which also
provides the reference signal, by means of an electrostatic
probe. The change AI of the sidelight intensity indicated
by the lock-in amplifier, is recorded as a function of the

discharge current on a XY-recorder.

In order to reduce the heat produced by very high
currents 1n the small discharge section, a blower was used

to cool down this section of the tube.

In the following paragraphs we will describe in more

detail the procedure of setting up this experiment.
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III.2 Construction, Alignment and Operation of the Laser

Our experiment was set up on an I beam of 29 cm width
and 350 em length. As discharge tube we chose heavy wall
pyrex tubing of 4.2 mm inner diameter. The tube was sup-
ported by seven kinematic mounts which were attached to mag-

netlic bases, (Figure III.2).

In order to guarantee optimum stralghtness of the
laser tube, we employed the followlng procedure of align-
ment, (Figure III.3). With the high transmission mirror re-
moved, the 63288 alignment laser beam was centered on the
high reflectivity mirror parallel to the supportling surface
plane. This adjustment was performed with the aid of the
two plane mirrors, a and b, The high reflecting mirror then
was adjusted that the reflected beam was directed back into
the direction of the incident beam. Next, we 1inserted the
high transmission mirror into the beam's path, thus forming
a spherical Fabry Pérot resonator together with the high re-
flecting mirror. After a few minutes of adjusting the high
transmission mirror, we were able to observe resonance in

the cavity.

Next we posltioned the kinematic supports one by one.
A mirror was temporarily introduced to divert the beam to a
distant screen. A 30 cm long test tube section of exactly
the same cross sectional dimensions as the later employed
discharge tube, was placed between support 1 and support 2.

-32-
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The two kinematic supports then were adjusted so that the
transmitted beam through the tube sectlion showed a totally
symmetric circular diffraction pattern at the distant screen.
This procedure then was repeated in sequence for the supports

2-3, 3‘)4’ L“‘S, 5-6 and 6-7.

The discharge tube then was placed on the kinematic
supports and thoroughly tightened. Since tubing of the
deseribed kind is available normally in lengths of 110 cm,
we had to join two pileces of tublng between support 5 and

support 6.

At one end of the tube an assembly of a 9/18 pyrex
ball Joint and a commercial pyrex Ne sign electrode* of 15 mm
outer dlameter was attached, while on the other end an as-
sembly of a 9/18 pyrex ball Jolnt, a Ne sign electrode and
an outlet arm to the vacuum system was attached. In order
to add a third electrode, a small section of pyrex tubing
of 15 mm outer diameter was placed between section a and b,
and the third electrode then was connected at thls place to
the discharge tube. The arrangement 1s shown in Figure

(III.4).

Next, stems of socket jolnts were cut at an angle of
56° which is approximately the Brewster angle for our quartz

windows. The cut surface then was ground successlvely with

—
Available from E.G.L. Company, Newark, New Jersey.
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320, 400, 500 and 600 grit emergy paper, using dish deter-
gent as a lubricant. Hereafter, the socket Joints were at-
tached to the ball joints, using DOW CORNING high vacuum
grease. With the vacuum system pumping on the laser tube,
the windows were glued to the ground surfaces of the socket
Joint with Torr Seal*. Figure (III.5) shows an assembly of

a socket Jolnt and a window.

After the Torr Seal had hardened, the alignment pro-
cedure was continued. The high transmission mirror and the
window next to it were removed out of the ray path. A pola-
roid was introduced, and the window on the side of the high
reflectivity mirror was adjusted for minimum reflection to
the sides, 1.e., at Brewster's angle. Here one of the ad-
vantages of using ball and socket Jolnts is evident. It 1is
not necessary to cut the socket joint at exactly Brewster's
angle since the angle can be adjusted throughout the experi-
ment. Since the alignment beam 1s refracted by the window
glass, the high reflectivity mirror had to be readjusted to
reflect the alignment beam back into itself. Hereafter the
second window was attached to the tube, adjusted for minimum
reflection to the sides, and the beam was readjusted agailn
with the aid of the high reflectivity mirror. At the end,
the high transmission mirror was placed back into the beam
path and adjusted for resonance. Thus the prelimlinary opti-

cal alignment was completed (tube clamped straight, Brewster

—
Avallable from Varian Associates, Palo Alto, California.
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Figure III.4 - Discharge Tube

Figure III.5 - Socket Joint and Window
Assembly
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windows adjusted and laser mirrors aligned).

In the next step, the discharge tube had to be out-
gased. Contamlnants exist on the glass walls, in the
electrodes, in the grease between the ball and socket Joints
and at the stopcock separating the dlscharge tube from the
vacuum system. The discharge tube was pumped down to approxi-
mately 3><10"5 torr and then filled with the He-Ne gas mixture
to a pressure of approximately 1 torr. An ac-voltage of sev-
eral thousand volts then was applled to two of the electrodes.
After the tube had warmed up, the gas was pumped out slowly
by periodically opening the stopcock to the vacuum system for
a short moment. The tube was filled again, and the high ac
voltage was applied between the third electrode and one of
the remaining electrodes, and after the tube had warmed up,
the gas was pumped out again. This whole procedure had to
be repeated about 10 to 15 times. Throughout the outgasing
procedure, a heat tape was wound around the ballast volume
and the arm to the vacuum system in order to achieve out-

gasing of these parts, too.

After the described outgasing process, we found that
the output power of the laser remained constant over a perlod
of a week. This 1s a necessary requirement for the consis-
tency of our measurements. Especially since currents up to
10mA were flowing through the small section of our laser

tube, a thorough outgasing was essential for this experiment.
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At this point we may remark that it 1s possible to
use ball and socket joints with grease and still be able to
achieve constant output power over a longer period of time.
Ball and socket Joints have basically two advantages. One
was already mentioned earlier; we can easily adjust the win-
dows at Brewster's angle. The second advantage is that we
can remove the windows and use them agaln when we are re-
gquired to change electrodes or do other changes to our sys-
tem. The crucial point for using ball and socket joints 1s

to outgas properly the discharge tube.

As for the outgasing procedure, we may note here that
at low pressures over-zealous outgasing should be avolded.
At high currents the electron bombardment can soften the

glass walls opposite side of the electrodes.

After having established the basic operation of the
laser in the 63288 line, we wanted to introduce a prism into
the cavity for two reasons. First we wanted to suppress the
competing 1.15u and 3.39p infrared transitions, and secondly
we wanted to have the option of selecting different visible
laser transitions. This phenomena 1is called "Removal of
Dominance" and was the first time described by A. L. Bloom(7).
In our experiment we used a special glass prism with very
high dispersion. It was designed so that light enters and
leaves at Brewster's angle, thus minimizing surface losses

due to reflections. The alignment was accomplished in the

following way: With both mirrors removed, the prism was ad-
-39~



Justed for minimum deviation. The high reflecting mirror
was put back and adjusted till the reference beam was back
reflected into itself. Then the high transmission mirror
was 1introduced again into the ray path and adjusted for reso-
nance, The gas discharge then was 1lnltlated, and the output
power of 63288 laser line was optimized by alternately ad-

justing the two mirrors.

In order to achieve laser osclillation of some other
visible lines (6401R, 6293% and 6118%), we had to minimize
the cavity losses because of the low galn of those lines.
Therefore we replaced the high transmission mirror by a high
reflectivity mirror, and after having chosen the right pres-
sure, (x 1Torr), we were able to separate the three wave-

lengths mentioned above.

A further reduction of the losses was accomplished by
enclosing both ends of the laser tube by relatively airtight
plexiglass boxes, thus cutting down on dust movement in the
optical path. As already mentioned before, one of the boxes
was filled with methane gas* which absorbs at the competing

3.39u infrared laser transition.

Finally, small permanent ceramic magnets were placed
along the discharge to tube to suppress superradiant infrared
transitions in the laser tube (see Chapter III.1), and the

blower was directed to the small discharge section in order

¥
See Chapter III.1.
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to cool 1it.

We were now in a position to carry out our experimental
investigation. The laser output was constant for a suffi-
clently long period of time (1 week), enabling us to make
reproducible measurements. Also, we had made sure that laser
oscillation occurred at only one transition at a time. 1In
addition to the 63288 1ine, the 6293R, the 6401R or the 61188
lines could be made to lase. The post-alignment confilgura-

tion is shown in Figure (III.6).

In the following paragraphs we will describe the vac-
uum system, the mechanical and electronical equlpment neces-

sary for the performance of our experiment.
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III.3 The Vacuum System

An all glass vacuum system was employed in this experi-
ment. It is shown schematically in Figure (III.7). A me-
chanical forepump of the type CENCO HVAC 14 was used to
rough-pump the vacuum vessel. It was connected with a rubber
hose to an oll trap, which agaln was connected via rubber
hoses to the roughing line and to the o0il diffusion pump.

The oll trap was connected to the atmosphere through a stop-
cock which was opened after use of the vacuum system in order
to prevent o1l from the forepump to be sucked into the vac-
uum vessel. A cold trap was placed between the oil trap and
the vacuum vessel to reduce contamination of the vacuum sys-
tem with forepump o0il. The vacuum vessel could be separated
from the cold trap leading to the oil trap by means of a stop-
cock. As a vapor pump we employed a water cooled oil diffu-
sion pump which could be separated from the oll trap by
clamping the hose. A cold trap between the diffusion pump
and the vacuum vessel prevented oll from the diffusion pump
back steaming into the vacuum vessel. A 1 cm aperture vac-
uum stopcock separated the oll diffusion pump from the vacuum

vessel. The cold traps used ligquid nitrogen.

In order to measure the pressure, three different
gauges were attached to the vacuum vessel. The thermcouple
gauge measured pressures down to a few microns, the ion
gauge could measure the lowest pressures we were able to ob-

tain, about 10"5 mm1 Hg (Torr). The McLeod gauge, which
-43-
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could be separated from the vacuum vessel by means of a stop-

cock, was used to measure our filling pressures.

In order to fill the gas discharge tube, a pyrex bot-
tle filled with a He-Ne mixture of 5:1 partial pressure ratio
was attached to the vacuum vessel through two stopcocks. The
small control volume between the two stopcocks controlled
the amount of gas admitted to the vacuum vessel. In the fol-
lowing paragraphs we describe the procedure to attach a new

gas bottle to the vacuum system.

The problem is to open the sealed bottle without con-
tamination of the He-Ne gas mixture. A heavy piece of glass,
which 1s later used to break the seal, 1s carefully pushed
into the neck. A stopcock 1s then attached to the bottle
neck, and this whole assembly 1s connected to the vacuum ves-—
sel. The neck is then evacuated to about 10”2 torr. At
this pressure, the stopcock 1s closed and the assembly 1s
broken off the vacuum vessel. The bottle seal is broken by
tilting the bottle and letting the heavy glass plece fall on
the seal. Hereafter, the assembly is again blown onto the

vacuum system.
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III.4 Calibration of Pressure Measurement

Since a pressure gauge which could directly be at-
tached to the discharge tube, was not available, we had to
resort to an 1ndirect way of calibrating the pressure in the

discharge tube. In Figure (III.S8), vy 1s the volume of the

Figure (III.8) - Calibration of Pressure Measurement

gas discharge tube, v2 is the control volume, and v3 1s the
volume of the vacuum vessel. The volumes are separated by

stopcocks S1 and S2.

Let us assume that volume v1 is filled with the pres-
sure Py and the two other volumes, Vs and V3, are evacuated,
i.e., pl, <P << Pg- If now stopcock 2 1s closed and stopcock
S1 is opened, we obtain the simple relationship, with Py>
being the pressure in volume vy + AL

Po _ W1tV Pg 1

= v = const = (l-A)pO = 13 (III.1)

where A, the percentage decrease of the pressure, is given

by:
~46=-



100% (II1.2)

We now close stopcock 1 and evacuate the control volume Vye
Thereafter, stopcock 2 is closed and stopcock 1 1s opened
again. The pressure in v, was P1os and the pressure in Vi

1}
and vy i1s now pl2. We can write

P12 = v1+v2 = const = p 1 (III.3)
piz A2 12 plgll-Ai

Using equation (III.1), we can write
Pio = P1p(1-8) = py(1-4)(1-8) = p,(1-4)2 (III.4)

If we repeat this procedure n times, we obtain for the nth

pressure

p{B) = p,(1-8)" (III.5)

From thils expression, we obtain for the percentage decrease

of pressure per "squirt"

p
1 0
T oy
A=1-c¢e 12 (I1I.6)

In order to obtain the calibration curve, we filled

the discharge tube with a He-Ne gas mixture of 8 torr pres-
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sure. Volumes AL and v3 were evacuated, stopcock 2 was
closed, stopcock 1 opened and closed again. Hereafter, stop-
cock 2as was opened, and the pressure in the vacuum vessel
was measured with McLeod gauge. Then Vs and v3 were evacu-
ated again, etc. The whole procedure was repeated 30 times,
and the callbration curve is shown in Graph (III.1). The

obtained value for A from this curve was

A= 5.&7% (III.7)
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III.5 Mechanical Detalls

The basic mechanical equipment used in this experi-
ment consisted of two laser mirror mounts and seven kine-
matic supports for the laser tube as well as two kinematic
mirror mounts for the alignment mirrors. The alignment pro-
cedure requires the temporary use of two utility mirror
mounts. The laser mirror mounts are shown in Figure (III.9)

and Figure (III.9a).

On steel plate A two steel balls, B1 and B2 (not
visible in figures) are exposed along its vertical axis. The
steel balls are kept in position by a pivot shaped (Pl) and a
V-groove shaped (Vl) bearing screwed to the mirror stand C.
The plate can be moved around its vertical axls with the aid
of micrometer head Ml which bears against steel ball B3 on
plate A and 1s attached to the mirror stand C with a set
screw. The holding force between the stand C and plate A 1is
provided by small permanent ceramic magnets* m. In order to
obtain movement in the horizontal plane, a second plate (D)
is attached to plate A. Two steel balls, El and E2, are
exposed on plate D along its horizontal axis. The steel
balls are kept in position by a V-groove shaped (Vl) and a
pivot shaped (P2) bearing attached to plate A. The plate
can be moved around its horizontal axis with the aild of a

]
micrometer head which bears agalnst a steel ball E3 exposed

E 3
Avallable from Edmund Scientific, No. P-40, 818.
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on a cylindrical steel rod R extending from plate D. Again,
the holding force is provided by small permanent magnets.

On plate D, the aluminum mirror holder H 1s attached with
screws. The two plates, A and D, as well as the stand C
have a 1" dlameter bore in the center, thus we did not have
to move the mirror mount if we wanted to remove the mirror.
We Just removed plate D by overcoming the force of the mag-
nets, and since the position of plate D 1s kinematically

fixed, we could always maintain our alignment.

The design of the mirror holder H is quite simple and
is shown in Figure (ITI.10). The mirror is pushed into the
ring-shaped holder H. A protruding lip L prevents the mir-
ror M from slipping through the holder. On the back, the
mirror is kept in place by a plastic retaining ring G which

i1s fastened by a set screw W.

The clamps for the laser tube are shown in Figure

(II1.11).

They consist of two separate pleces which ride on a
1/2" D post atop a magnetic base*. The lower plece has two
steel balls while the upper piece has a groove in which re-
tains a cylindrical brass rod. The laser tube 1s clamped
between the steel balls and the brass rod so that exactly
three points of contact exist. By loosening the set screws

and by twisting slightly the lower half of the clamp, the

¥
Available from Ralmike's Tool-A-Rama, Springfield, New Jer-
sey. —51-



Figure II11.9a - Laser Mirror Mount

Figure III.9b - Laser Mirror Mount
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Figure III.11 -~ Laser Tube Clamp
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position of the laser tube can be readjusted.

A plcture of the kinematic mounts for the alignment

mirror is shown in Figure (III.1l2).

The utility mirror mounts consist of two plexiglass
plates, A and B. Plate A rides on a 1/2" D post P atop a
magnetic base M and holds two micrometer heads C1 and 02.
Three steel balls, Sl’ 82 and S3, are exposed to plate B.
Steel ball S1 1s gliding in a vertical V groove attached to
plate A (not visible in figures), while S, and 83 glide on
45° surfaces Fl and F2 glued to plate A and bear against
the micrometer heads, C1 and Cz. The holding force between
the two plates 1s provided by a spring G and is directed
in a way that the steel balls S2 and S3 are pressed agalnst

the U45° surfaces.
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Figure I1I1I.12 - Alignment Mirror Mounts
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III.6 Electronics

In order to maintaln a dc-discharge through both
sections of the laser tube and to vary the current indepen-
dently in each section, we had to use two separate power
supplies with two separate current regulators. Figure
(IIT.13) shows a block dlagram of the electrical circuit.
The two high voltage power supplies were unregulated but
filtered., The current regulation was provided by the two
current regulators which allowed us to vary the current from
5-70 mA in the small section and from 5-40 mA in the large
section of the discharge tube. The two resistors, R1 and
R2, mounted close to the electrodes, were necessary to pre-
vent plasma osclillations, since the gas discharge represents
a negative resistance, and thus oscillations may occur due

to stray capacitance.

Since only one HV power supply was available, we had
to design a high voltage supply ourselves which would deliver
around 9000V and a current of about 90 mA. The circuilt is
shown in Figure (III.14). The primary voltage of the HV
transformer was controlled by two variacs. The AC voltage
was rectified by a 1N3016 silicon diode* (P1V = 36000V) and
filtered by a RC-combination. The output voltage was moni-

tored by a micro armeter in series with a 10MQ resistor.

E
Available from Semitronics Corporation, New York, New York.
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The current 1n each section of the laser tube was
controlled by a current regulator. The circuits of these
current regulators are shown in Figure (III.15) and Figure
(III.16). In Figure (III.15), the filaments of the single
6SN7 triodes can be switched on and off, increasing or de-
creasing the current by roughly 20 mA. In Figure (III.16),
the filaments of the 6SN7 triodes closest to ground are con-
trolled by switches. The fine adjustment of the current in
both circuits can be accomplished by varying the potentiom-
eter in the cathode circuit of one of the 6SN7 triodes. The
current is measured by an ammeter between the cathode re=-

sistors and ground.

In order to monitor the output power of the laser,
we designed a simple power meter. The circuit is shown in

Figure (III.1T7).

The current of a solar cell was amplified by a pAT741
Fairchild operational amplifier and monitored with a micro
meter. The galn was controlled by 5 resistors, the values
of which are shown 1n Figure (III.16). This meter was only
used for measuring the relative output power, i.e., it was
not callibrated. To obtaln absolute power measurements, a

Spectra Physics Model 401C power meter was used.

In order to derive the reference signal from the
chopping wheel, we let the chopper change the electric fileld
between to capacitor plates. The circuit is given in Figure

(ITI1.18). -60-
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The reference signal plcked up was provided by a high
input impedance field-effect transistor. Signal and bias
voltage were both transmitted on a common coaxial cable since
the power supply could not be built into the chopping wheel.
Over a small blocklng capacltor and a twin T tuned amplifier
the signal was then fed into the reference channel of the

lock-in amplifier.

As a sidelight detector we used a RCA IP28 photomulti-
plier. This phototube has a S5 response, and its bilas cir-

cuit is described in the RCA handbook for phototubes. (20)

It remains to be mentioned that our phase sensitilve
detector was a PAR lock-in amplifier, model HR8, and that the
dc current from the photomultiplier was detected by a battery

operated Keithly electrometer.
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ITI.7 Callbration of the Optical Detectlon System

In order to compare intensities of light of various
wavelengths, we had to take into account the spectral response
of our measurement, i.e., the glass of the discharge tube, the
focusing lens, the monochromator and the photomultipller. As
a standard radiant source we used a callbrated 200 Watt GE
tungsten lodine lamp*. The spectral irradlance of this lamp
was known for a distance of 50 cm if operated at 6.50 amperes.
Since we were only interested in a relative calibration of our
system, the exact distance was of minor importance. During
our calibration we encountered some difflcultlies. First, we
had to keep the current through the lamp constant at 6.5 A.

A 1% change in current produces a 10% in the intensity of the
lamp. The circuit used in our calibration is shown in Figure

(III.19).

The supply voltage was obtalined from a set of automo-
tive 6V lead storage batteries. The crude adjustment of the
current was done with the 8Q rheostat, while the fine adjust-
ment was accomplished with the 7802 parallel rheostat. In
order to monitor the current, we put a shunt of 1/1000Q in

series with the lamp. The voltage across the shunt was indi-

—
Calibration at 25008, 35008, 75008, 150008 and 250008 was
provided by the Eppley Laboratory, Inc., Newport, Rhode
Island.

-66=



bratwn
;:f‘,,f,m 7802

652 8%,
5

shont /550 =, %

digi taf
voltmeler

Figure III.19 - Control Circult for
Calibration Lamp

-67-



cated by a digital voltmeter* with estlmated accuracy +1uV.
From our reading we had to subtract the voltage across the
shunt which was 1ndicated by the voltmeter when no current
was flowing through the lamp. This voltage is due to thermal
EMFS. We were able to keep the current constant to less than

0.3%. Therefore the error in our calibration was probably

less than U4%.

The second difficulty occurred in avoiding light from
second order diffraction in the monochromator. For wave-
lengths larger than 60008 we observed an increase of the
photomultiplier current caused by spuriocus light at 30003.
Thls effect could be eliminated by putting a wratten filter
#15** which has a strong cutoff region around 50008, in front
of the monochromator. The calibration arrangement is shown
in Figure (III.20), and the calibrated response curve of our

system is given in Graph (III.2).

Model Keithley 171 Digital Multimeter.

L X
Color correction filter, Tiffen Optical Company, Roslyn

Helghts, New York.
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III.8 Performance of the Experiment

Out of the whole set of lines of Neon, we were only
able to resolve a few lines with our instruments without am-
blgulty. This drastically limited the number of measurements
we could make. In our experiment we proceeded in the follow-
ing way: The laser tube was filled with the He-Ne gas mlx-
ture at a selected pressure. After a warm-up period of about
10 minutes, the current in the long section of the tube was
adjusted for maximum output power of the laser. TFor the pres-
sures considered in our experiment, the current range for

optimum output was between 10 and 20 mA.

In the next step, we selected the line under investi-
gatlon by carefully peaking up the de photomultiplier cur-
rent. We then fed the ac signal into the PAR HR-8 lock-in
amplifier (which had previously been calibrated ulsng the pro-
cedure outlined in the manual). Using the phase control of
the lock-1in amplifier, we carefully zeroed the reading on the
panel meter and then shifted the phase by 90° to obtain our
reading. For each reading the gain of the lock-in amplifier
was chosen for the largest possible deflection on the panel
meter. The current was measured with a Simpson meter*, choos-
ing always a range for maximum possible deflection on the

meter.

-
Model 260, Series 5P.
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IIT1.9 Care of Optical Surfaces

The output power of the He-Ne laser is very sensitive
to losses, and a major source of losses 1s introduced by im-
perfect optical surfaces of the mirrors, the windows and the
prism. While the quality of these surfaces are determined by
the manufacturer and are naturally beyond our control, we
could control the surface contamination. After experimenting
for a while, we found out that the following cleaning proce-
dures worked best. The mirrors were cleaned by putting a few
drops (2-3) of 99% MOL pure acetone on the surface. By tilt-
ing the mirrors to all sides, the acetone was dlstributed over
the whole surface and then carefully blown off the mirror with
dry air (OMIT DUST REMOVER)*, starting from the center of the
mirror. The glass surfaces of the prism and the windows were
cleaned with a solution of Alconox detergent before put into
our system. After being treated with this solution, they were
washed with distilled water and blown dry with dry air. This
procedure eventually had to be repeated several times until we
were satisfied with the surface. We checked the surfaces by
holding them against a strong incadescent light and looking

from different angles against a dark background.

While in the system, the glass surfaces were cleaned
with KODAK lens cleaning paper which was wrapped around a Q

tip and soaked in acetone or absolute ethyl alcohol. Each

¥
Manufactured by Century Laboratories, Chicago, Illinoils.
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lens tlssue could only be used for one wipe and then had to

be replaced.

It may be mentioned here that the biggest improvement
for the protection of the optical surfaces was to construct

airtight plexiglass cells around each end of the laser tube.
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IV. RESULTS AND THEIR DISCUSSION

IV.1 Preliminary Considerations

IV.la. Proportionality of Intensity Changes of Lines

Originating from Upper and Lower Laser Levels

Though we were very careful in suppressing all
infrared oscillations by using permanent magnets and a meth-
ane cell, we had to prove that no other oscillations were af-
fecting our laser levels, either by ending on them or by pro-
ducing excessive cascade transitions into them. In order to
do this, we had to show that the intensity changes of lines
originating from the upper and lower laser levels, A12 and
AIl, are proportional to each other, independent of the in-
tensity of the laser radiation field.(u’S’G) For a fixed
current and a fixed pressure, we varied the output power of
the laser by detuning the cavity from its optimum alignment.
The result is shown in Graph (IV.l) and proves, within an ex-
perimental error, the proportionality of AI1 and AI2. Thus
the changes of the ratilo AI2/AI1 in dependence of current
and pressure can clearly be interpreted as the effect of col-

lision transfer.

IV.1b. Radiation Trapping

A gas emitting photons on a transition which has
substantial absorption, tends to self-absorb or entrap these
photons. If this "trapping" is significant enough, a photon

-7l
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may be emitted and reabsorbed many times before escaping the
gas-filled enclosure. This results in an increase of the life-
time of the particular transition. 1In contrast to transition
between exclted states, transitions to the ground state are
greatly affected by radiation, owing to the presence of a

large steady state population in the ground state.

No theory 1s available which accurately describes
the radiation trapping in a He-Ne laser. However, in order
to estimate the size of the effect, we can use a formula de-

rived by T. Holstein.(lo)

This expression 1s derived for an
infinite cylinder in which a Doppler broadened line is emitted

by a set of atoms and is given by

T
=2 = 1.6 (IV.1)
kORVWEnkoR

Tsp is the radiative lifetime of an isolated atom, t' is the
effective lifetime, 1.e., the lifetime increased through the
effect of radiation trapping, R is the radius of the cylinder

and ko is the absorption coefficient of the gas.

As an example, we want to estimate the effect of radia-
tion trapping on the vacuum UV transition from the 55'(1/2)3
Ne level (3s2 level in Paschen notation) to the ground state.

The absorption coefficient for this transition is given by

1 ng A2 &m
k = v X (IV.2)
o I n AvoTsp g, v




Avo i1s the Doppler width of the transltion, A is the wave-
length of the transition, 8> 8, are the statlstical welights
of the 53'(1/2)2 level and the ground level, respectively, and

Nv 1s the atom density.

The Doppler width Avo can be calculated from

the expression

Av_ = % / ——BRP?[W (IV.3)

o

R is the universal gas constant, M is the molecular mass of
the gas, T is the temperature of the gas with Rl = 8.31 x 103

1

x Mol™~ x °K, M = 20.19 for Ne, T = 350°k and A = .067m, our

Doppler width is found to be

v, = 1.5 x 1019 Hz = 15 GHz (IV. L)

At 0.2 Torr partial pressure of Ne, the density
of the Ne atoms in our He-Ne laser of 1 Torr total pressure

can be calculated from the equation
3y = 24 p/Torr
NV (a’coms/m ) = 9.65 x 10 psz— (IV.S)

The density of Ne atoms, under the given conditions, 1is

N. = 5.5 x 1021 atoms/m® (IV.6)

v
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The 1lifetime Tsp for the 55'(1/2)? level, concerning its tran-

sition to the ground state, 1s about 1 x 10 °s.
Substituting all these values into equation

(IV.2), we obtain for the absorption coefficlent:

k, = 1.5 x 102 m~1 (IV.7)

The laser tube we chose in our experiment had a radius of
R = 0.002 m. Using equation (IV.1l), the radiation trapping

factor is found to have the value

SP = 1,27 x 10”3 (Iv.8)

T
or, if we solve for the lincreased lifetime
T = 7.9 x 1077 sec (IV.9)
We can now write the total probabllity of tran-

sitions from the 58'(1/2)2 level as the sum of probabilities

of transitions to the ground state, the 2p-states and the 3p-

states.
Ao TE A o LR
5s'(5) total P 5s'(3) -3p P s5s'(3) - 2p

2 2 2

1 1 1
+ A 0 (IV.10)
55'(%) - ground state
1
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The sum of the first two terms was observed to be 1.8 x 107

sec-l.(S) Comparing this value to the effective transition

probability which is Agpp = %T = 1.27 x 106 sec-l, Wwe see

that in equation (IV.10) the first two terms on the right hand
side contribute most to the total probability of transitions
from level 5s'(1/2)g. Thus we are Justiflied to neglect, at
least 1n a first approximation, the effect of radiation trap-

ping on the lifetime of our levels.

The applicability of equation (IV.1) is, how-
ever, limited by the fact that we do not have a single Doppler
broadened line emitted by a group of atoms. Natural neon con-

20 (90.5%) and Ne2?

sists mainly of two Ne 1isotopes, Ne
(9.21%).(12) The frequencies of the transition in the two
isotopes differ by several hundred MHz, less than the Doppler
wildth of elther. Therefore, the line shape 1s a superposition
of two displaced lines of unequal strength rather than a
single Doppler broadened line, a fact not taken into account

in Holstein's theory. Therefore, our calculated value for

rsp/r' can only be looked upon as an estimation.

IV.1lc. Remarks on the Racah Notation

For Ne, a j& coupling notatlon proposed by
Racah(l3) is used. In the j& coupling system, the total
electron orbital angular momentum and the total electron spin
angular momentum of the 1on core, couple to form a resultant

core angular momentum vector
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jc =% +3 (IV.11)

The total core angular momentum couples to the orbital angu-

lar momentum of the excited electron to form the vector
£ = Ie + 30 (IV.12)

This vector then couples with the spin of the excited electron

to give the total angular momentum

J=%+3, (IV.13)
Terms are described by the notation: nze[K]g or nzé[K]g; n
is the total electron quantum number of the exclted electron
outside the lon core, and le or zé is the azimuthal gquantum
number of the excited electron. Unprimed values of £ 1ndi-
cate the l1on core is in a 2P§/2 ground state; 1if ze is primed,
the ion core is in a 2Pg/2 ground state (Russell-Saunders no-
tation). Values of &£, or &L} are glven by s, p, d, £ .. as 1in
the LS coupling notation. K is the quantum number assoclated
with K, and J is the quantum number associated with the total
angular momentum vector 3. The superscript o indicates odd

parity; absence of the superscript indicates even parity.

Another notation widely used 1s the Paschen
notation.(l) Below we will 1ist some levels in the Racah no-

tation and in the Paschen notation.
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TABLE IV.1l -~ SOME Ne LEVELS IN RACAH AND -

PASCHEN NOTATION

Racah Notation

2psls

351[1/21]
3p'll/2],
3p'l1 17214
55'[1/2]3
55'[1/2]8
5s(1 1/2]3
har[2 1/2]2
bar[2 1/2]3

ud[1/2]8

4d[1/2]2

-81-

Paschen Notation

1s
2p2
2p5
3s,
383
385
hsh"
st
hag

e



IV.2 Calculation of the Electron Density and the Average

Electron Velocity

In order to calculate the effective cross section of
a collision between an atom and an electron, it is necessary
to know the electron density and average electron velocity.
From Chapter (II.a) we know the relationship between the
excitation or de-excitation rate per second through electron-
ic collisions and the electron denslty, the effective cross

sectlion and the average electron velocity

e _ -e -
Yik = Me » T4y + Vo (IV.11)

(15)

Labuda and Gordon have shown through microwave measure-
ments that 1n a normal He-Ne laser plasma, the electron en-
ergy 1s independent of the discharge current. In equation
(IV.11), the electron density n, is proportional to i/r?.v.
i is the current through the discharge tube, r is the radius
and v is the drift veloclty of the electrons in the electric
field. ?e, the average velocity of thermal motion of the
electrons, 1is proportional to /T;, where T, 1s the electron
temperature. Further it is known in a gas discharge that
both, the drift velocity v and the temperature Te of the
electron, are proportional to YE/p, where E is the electric
field and p 1s the pressure. Since the electric field E 1is

proportional to l, v and Te are proportional to —l—.

r ,—-rp
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From the measurement of Labuda and Gordon(lu) are

known the electron density in a He-Ne gas plasma of a partial
pressure ratio of He:Ne = 5:1 under the following discharge
conditions: 1 = 40 mA, p.2r = 0.36, d = 0.25 cm. We de-
fine

10 = 1/40 mA (Iv.12)
r, = r/0.25 cm (Iv.13)
P, = p/0.72 torr (IV.14)

For ye we obtaln the following expression, substituting the
ik

proportionalities into equation (IV.11)

e i e -1 e 1
Yik ~ 7Zv %1k "Te T ¥¥v %1k T i/%

(r-p)?t
_1 e vYrp
T ik 17T

(IV.15)
e 1 e 1/4
Yii ~ 7% 9, (7p)
For the conditions given above, i.e., io =1, r, = 1, P, = 1,

we know the electron density and therefore can write for the

e
Y1k
€ =q v ( )l/u io o] (IV.16)
Y1k eo 'eo ‘ToPo Fg ik .



This can be rewritten in the following way:

(e p )22

v
e _ eo
ik T g /% Mo to Tr,  Cuk (Tv.17)
o" o

The electron denslity and the average electron veloclty are

given by
r D, 1/2
ne = neo (—F;—) iO (IV.lS)
V. =V 1 (Iv.19)
e eo 1/1 :
(r_p,)

From equations (IV.18) and equations (IV.19) we can calcu-
late the néo and Véo for our laser, which has d dlfferent
diameter. With r = 0.2095 cm, 1 = 40 mA, p = 0.86 Torr

(p*2r = 0.36) and obtain

nl =mn,  x l.h24 (IV.20)
or

n! = 14.24 x 1019 cn3 (IV.20a)
and

vi, = veo x 1.046 (Iv.21)

with T, = 89 x 103 °X and the relationship
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_ 3kTe

<2 _
vi — (IV.22)
ot
we obtain for veo
v = 2.1 x 108 &O_ (IV.21a)

eo sec

Thus we can write for the excitation rate Yik

e 8 1 1/4
Yik = le x 1.424 x 10" x 2,1 x 10 (6—75) X
1/4
1 1
x (T%F) X I35 Ik (IV.23)
or

e - 17 % p 1
Yik = 4k 8.116 x 10 Y Tors X =F (IV.23a)

Thus, 1f we know the excitation or de-excitation rate
Yik’ we can, for a given pressure and a given current, calcu-
late the effective collision cross section for the electron

atom collision.
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IV.3 Relation between Transition Rates and Atom-Atom

Collision Cross Sections 1n the He-Ne Plasma

In this sectlon we will consider the collision rates
among the atoms in the He-~Ne gas dlscharge as a function of
pressure, temperature and collision cross sections of the

atoms.

From the kilnetic theory of gases it 1s possilble to
derive expressions for the rates at which collisions will
occur in a volume of gas due to the thermal motion of the
gas atoms or molecules. In a gas contalning a mixture of
two different kinds of molecules or atoms - 1n our case He
and Ne atoms (of densitles NHe and NNe) the average number
of collisions per unlt volume per unit time between He atoms

(16)
and Ne atoms, ZHe—Ne’ is given by

8kT , 1 1
Y - (M t § ) (IV.24)

He Ne

ZHe—Ne = NHe.NNe'OHe--Ne

OHe-Ne 18 the effective cross section for the collision be-

tween He and Ne atoms. T 1s the temperature of the gas, and

M and M are the molecular masses of He and Ne, respec-

He Ne
tively. The average number of collisions per second of a Ne
atom with a He atom will be the total rate Z,, \. divided by

the total number of Ne atoms
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S

J BkT
T
Ne-He

1 1 (Iv.25)
‘g (. + )
He “He-Ne T MHe MNe

=N

The average number of collisions per second of Ne atom with
other Ne atoms can be derived from equation (IV.24), for the

case that the molecular masses are equal.

1 _ 16k 1
T Me'Ne-Ne ¥ T W (1V.26)
e
Ne-Ne

Thus, for the total collision rate of a Ne-atom with other

Ne atoms and He atoms we can write

1 1 8kT 1 1
YN = + = N, 0 v/ ( + )
Ne  Tyo_He TNe-Ne He “HeNe T Mg, My
10kT
+ NNeONe_Ne )/ 'mh; (IV.27)

The concentration of atoms 1n a gas may be related to the

partlial pressure and temperature of each particular species
by(ll)

N(2EQES) - .65 x 102 E%%§§§l (IV.28)

Substituting equation (IV.28) into equation (IV.27) we obtain

for the total collision rate for Ne:
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24 PHe/Torr

e e ¥ Tr G+ )

YNe = 9-65 % 1077 T oe Ne Mhe
P
24 “Ne/Torr 16k
+9.65 x 1077 2432 o Y/ - (IV.29)

For a partial pressure ratio of PHe:PNe = 5:1, equation

(IV.29) becomes

24
= 9.65x10°"7 -4 8kT 1 1
YNe = T Ple Oneme ¥ o (MNe + MHe)
1 TORT
*5 ONene ¥ My, (1V.30)

This is, 1n general, the collision transfer rate in which He

and Ne atoms participate.
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IV.4 Measurement Errors

We will now discuss the sources of errors which will
enter into our measurements. The three quantities measured
in our experiment are the intensity changes, the pressure
and the current, and all these quantities can be measured
only with a limited accuracy. Furthermore, the calibration
of the detection system's optical sensitivity bears its own
inaccuracy since it 1is impossilble to keep the current through
the calibration light source constant. Thus, all our mea-
sured values willl have to be reported with an estimated un-

certainty.

The intensity changes were measured three times, on
different days. For most lines, the signals detected by the
lock-in amplifler were strong enough that superimposed noise
hardly affected the reading. In these cases we used a time-
constant of 3 seconds to obtain an average reading. In some
cases, however, the signal to noise ravi: 25 not as favor~
able, and we had to use a longer time constant o obtain a
consistent average reading. For tho-e measurements time
constants of 10 second: and 30 seconds were chosen. It was
shown in Chapter (IV.la) that the ratio of the intensity
changes does not depend on the intensity of the laser radi-
ation fileld present in the gas discharge. Thus we were not
forced to keep the laser intensity constant for our measure-

ments performed on different days.
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The laser 1ntensity could easily change due to the
effects of dust or of slight detuning of the mirrors. Our
intensity change ratios, however, were not affected by this,
and we could reproduce our measurements within L%, each time
in spite of the daily changes of the laser field intensity
in the plasma. Of the three measured values, average
values were chozen to fit the expected curves with the method

of the least squares.

While the measurement of the intensity changes could
be done with fairly high accuracy, the determination of the
absolute pressure in the gas discharge tube constituted a
more serious problem. First, a correction has to be intro-
duced to our callbration due to the different temperatures
exlsting in the hot part (discharge tube, electrodes) and
the cold part (ballast volume, arm to vacuum system, volume
near windows) of our discharge arrangement. Since we can
only estimate the temperature T in the discharge, we are
only able to estimate an upper 1imit for the correction
factor which has to be introduced to compensate for the dif-
ferent temperatures. In the followling derivation we assume

to have an 1deal gas:

Imagine two partial volumes, Vl and V2, are filled
with the same gas and are at temperatures T1 and T2 (Figure
IV.1). 1In the case the temperatures are equal (T1 = TO), we

can write
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Figure IV.1l - Correction for Different Temperatures in
Laser

P, (V3#V5) = (ngq+ny,)kT (Iv.31)

where P, is the pressure at the temperature To’ and Ny, and
n,, are the number of gas particles in volume V1 and V2, re-

spectively. k 1s the Boltzmann constant.

If now the temperature of the gas in volume V., is in-

1
creased to Tl’ while the gas in volume V2 remains on the

temperature TO’ we can wrilte for the two partial volumes:

pV, = n,.k.T; (IV.32)

pV, = n,.k.T, (IV.33)
p 1s the pressure, and nqy and n, are the number of gas parti-

cles in Vl and V2 under the new conditions.

Since our system 1s closed, the total number of gas

particles remains constant.

n + Ny, = Ny + n, = ng (IV.34)

01
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Solving equation (IV.32) and equation (IV.33) for n, and n,
and substituting these two expressions into equation (IV.34)
and equation (IV.31), we obtailn for the correction of the

pressure due to the rise of temperature in the partial vol-

ume Vlz
v
1+ o=
P_ V2
© 1420
Vv, T
2 "1

For our system we estimated the ratio of the volumes
Vl/V2 to be approximately 1/40. Assuming that the gas in
the discharge tube is at 400°k while the rest of the gas re-
mains at room temperature, (T0 = 300°k), we obtain for the

correction
p = 1.006 x P, (IV.36)

This means that the total pressure in our system changed by

0.6% due to the rise of temperature in the discharge portion.

We further have to investigate which correction we have
to introduce into calibration procedure. We recall equation
(III.5) which gave us the pressure in our laser after the
nth "squirt".
= po(l_A)n (III.5)

Pn
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This equation was derived for the case that the whole system
is at room temperature. In the case the temperature 1s

changed 1n Vl’ the pressure after the nth squirt will be
p} = p, (1+0.006)(1 - (4+0.0006))" (IV.37)

A was found in Chapter (III) to be 3.47%. Thus, for the

ratio of the two pressures after the nth squirt we find:

Py 1-A-0.006 "

o 1.006 (=S=—) (Iv.38)
or, with A = 3.47%

1 = 1,006 x 0.99365 (Iv.39)

pn

We used equation (IV.39) to correct our pressure measure-
ments. For a reduction of the pressure by eight squirts
the correction was z4%, for a reduction by 17 squirts it was

~9%, and for a reduction by 29 squirts the correction was

=17%.

A further uncertainty is introduced by the inaccuracy
of the McLeod gauge reading. Its scale is very crude, and
we could not reliably read the pressure with more than :5%
accuracy. Thus we assumed our pressure readings accurate to

5% in the analysis of our data.
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Measuring the current through the gas discharge intro-
duced anotheruncertainty. We measured the current with the
ald of a Simpson meter, Model 260, Series 5p. The full
scale accuracy of this meter is given to be 2%. Thus, using
readings larger than 1/5 of full scale, the error is smaller
than 10%. 1In our data analysis we allowed a maximum current

variation of 10%.

The calibration of the optical system gives rise to
another uncertainty. It 1s essential to keep the current
constant through the tungsten iodine lamp. As a power
source we used a bank of lead storage batteries and measured
the voltage across a shunt with a digital voltmeter reliable
to three decimal places. A current of 6.50A was required,
and we were able to keep the current constant than 0.3%.
Since a 1% change in the current produces a 10% change in
the emitted intensity, we see that in our case the accuracy
of the measured intensity 1s in the order of 3%. This was
substantiated by the fact that the fluctuations of the

meter reading the photomultiplier current were around 3%.

The errors mentioned above were all taken 1into account
in our analysis in order to estimate the uncertainties of

experimentally derived values.

—9h-



IV.5 De-excitation Rates of the Upper and Lower Laser

Levels

In this experiment, we measured the intensity changes
of spontaneously emitted sidelight originating from the
upper and lower laser levels, 55'(1/2)% and 3p'(1 1/2)2, in
dependence of the current i for four different choices of
pressures. The lines chosen were A = 611881 having its
origin on the upper level, and A = 60963l a llne starting
from the lower level. Since the laser was lasing in the
6328R 1ine, we had to chose a line other than A = 63288
starting from the 55'(1/2)2 level, for our measurement of
the 1intensity change. The reason is that light of the laser
radiation field scattered from the glass walls of our laser
tube, would have entered our measurements. Thus we chose

the A = 6118% line, origlnating from the upper laser level.

An expression for the population change ratio Anl/l_\n2
was derived in Chapter (II.c, equation (II.20)). The rela-
tion between the population change ratio and the intensity
change ratio 1s given by equation (II.11). In our case

this expression becomes:

D1 _ A(6096) . A(6118) . AL
E = —(—6—25'” 11 A(6006) E_I; x k (IV.40)

>
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where A(6118) and A(6096) are the Einstein coefficients for
the radiative transitions of these particular lines and k

i1s the callbration constant. A(6118) and A(6096) are found

in literature(IT) and have the values 0.608 x 106 sec™! and

1.79 x 107 sec™ L.

Using equation (IV.40), equation (II.20) can be rewrit-

ten.
g L) e
AL, A2—A21+y2 +/51x72
FT- = - const I o (IV.41)
2 Y1 HASHY; ./pl

where the const can be derived from equation (IV.40)

const = %%g%%%% x %%g%%g% % (IV.42)

The results of our measurements are shown in Graph (IV.2).

For all four pressures, the intensity change ratio (AII/AIZ)
shows a linear dependence on the current. We therefore ne-
glect the third term of the denominator in equation (IV.40)

and obtain the expression

A ]
A -A % Y,°©
2 21 2 2
AT Ao tpPptplg
1 -1 1 1 1
77 X const = - Y (IV.41a)
2 Y1
1 + y
1

In equation (IV.4la), only the radiative transition proba-

(18)

bilities A2, Al and A21 are known. Their respective
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Graph IV.2 - AI(6096)/AI(6118) versus Current, with Pressure
as Parameter
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values are 1.42 x 10! sec s 5.23 x 107 sec™? and 5.1 x 10

sec-l. Using these values, we fitted equation (IV.4la) to

the measured values in Graph (IV.2).

We took into account a 10% uncertainty in the current,
a 10% uncertainty in the pressure, a 5% uncertainty in the
measured values of the Intensity change ratios, and a 5% un-
certalinty in the callbration factor. For these extremes, we

obtalined the following values for the transition rates:

;% = (6.80 * 901y x 108 sec™d Torr~? (IV.42)
Y;a = (4.81 t 8:53) x 10° sec™! Torp~! (IV.43)
v,% = (2.08 * 8:%3) x 10° sec™™ Milliampere™l (IV.4l)

In the de-excitation of the upper and lower laser level due
to atom-atom collisions, He atoms as well as Ne atoms take
part, according to equation (IV.29). Thus, it is not possi-
ble in our measurement to separate exactly the contributions
of He-Ne colllsions and Ne-Ne collisions. This is especially
true for the upper laser level, since it is less than 1kT
apart from the2180 He metastable state. For the lower laser
level, 3p'[1 1/2]2, de-excitation due to Ne-Ne collisions is
most likely to occur, since no He level is close enough for
collisional energy transfer to happen. Thus we can estimate
an upper 1limit for the collision cross section between the
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Ne atoms of the lower laser level and the other 3p' levels

of Ne. Using equation (IV.29), we can write

'a -
Yy oT ™ye
o < Y (Iv.45)
Ne-Ne 9.65x10§E7 16kT
For a temperature of 350°k, we obtain for ONe-Ne
-14 2
ONe-Ne < 1.6 x 10 cm (IV.46)

At this point we have to mention, however, that energy trans-
fer between atoms in the lower laser level and He atoms 1is
possible in the following way. Atoms in the 21P or to 23P He
metastable states can collide with Ne atoms at the lower
laser level, de-exciting them to one of the 3s states, while
the He atoms is excited to one of its higher states. This

energy transfer mechanism can be written:

Ne(3p'(1 1/2),) + He(2'P,23P) 7 Ne(3s,)

+ He(3lP1,33P1,3lD,33D) (IV.47)

We confirmed that this kind of energy transfer does occur; we
observed modulation of high lying He-levels, having the same
phase as the lower laser level. A detalled study of this

phenomena, however, is beyond this work.
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The relationshlp between the electronic de-excitation
rate and the collision cross section between atoms of the
upper laser level and electrons 1s given by equation (IV.22a).

For one Torr pressure, for instance, we obtain

of = (2.51 7 J:32) x 10713 em? (IV.48)

1 -
We also see that, with Yze ~ 2 X 105 sec 1, the electronic
collision de-excitation of the upper laser level will reach

the same Importance as the pure radiative de-excitation at

currents around 70mA.

The wvalue for cg varies from the value obtained by T.

(18)

Sakural and T. Ohta who obtained a value of og = (6.8

+ 1,2) x 10_13 em? in a similar measurement. This can be
possibly explained in the following way. First, these authors
measured the ratio AI(6096)/A1(6328) of a laser oscillating

in the 63288 transition. Therefore a contribution from the
scattered light of the laser radiation field might have
entered thelr measurements. Secondly, they assumed values

'a
1

|
for v and Y2a and performed their measurements for only

one pressure, namely at 1 Torr. We checked the source of

(21)

this assumption and could not extract the same informa-

tion from 1it.
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IV.6 Energy Transfer Between the Ne Ss'(l/z)g and

53'(1/2)8 Levels

In Chapter (II.d) the modulation of atomic levels other
than those directly involved in the lasing action was de-
scribed, and an equation for the energy transfer from the
upper laser level, 53'(1/2)2, to the adjacent 53'(1/2)8 level
was derived (equation (II.28)). We measured the intensity
change ratio for the two lines, A = 6118% originating from
the upper laser level, and A = 54488 originating from the
lower, adjacent 55'(1/2)2 level, as a function of the current
1 for four pressure points. The results are shown in Graph
(IV.3). Using equation (II.29), the variation of the inten-

slty change ratio as a function of current and pressure can

be written:

'a 'e
AT Yo7 t Y,q Ypi
const x —= = ?; 2; ; (IV.49)
2 Y, P+ vy VPl

where AIl/AI2 1s related to the population change ratio by

AT An
1 A(5448 A(6118) _ 1
L AT, * Aégllsg * A(SHIBY " Em, (IV.50)

The subscripts 2 and 1 refer to the 53'(1/2)9 and the

55'(1/2)8 level, respectively.
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AI(6IIS) .75 139170 ° o P
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=0
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-201-

s 9 o
o4

5 v 2

=

2
L
v

$ } $ } ' = 4 } ¢ ¢ } —u [ /mA
O 5 0 15 20 25 30 35 40 45 Sp 55 &0

Graph IV.3 - AI(5448)/A1(6118) versus Current, with Pressure
as Parameter



The value for A(6118), the Einstein coefficient for

this particular transition, is 0.603 x 106 sec_l.(l7)

A(5448) was found by Lilly and Holmes(S) to be 0.1 x 106

sec'l, and k 1s our calibration constant.

Equation (IV.49) was fit to our measured values in
Graph (IV.3). The solid line represents the theoretically
calculated curve, while the circles represent our measured
values. Taking agaln into account a 10% uncertainty in the
current, a 10% uncertainty in the pressure, a 5% uncertainty
in the measured values and a 5% uncertalnty in the calibra-

tion, the least square fit program ylelded the following

results:

'a

Y

= (6.51 % 3:3%) x 107! Torr? (Iv.51)
'a

Y12 +1.00 -2 -1

—=< = (8.45 "pe) X 107 ° Torr (IV.52)
'e

y

K%“ = (3.37 T 2°32) x 1072 Milliampere™" (IV.53)
'e

v

2= (30} 8'28) x 1073 Milliampere™! (IV.54)
1 - L)

Unfortunately, the 1lifetime of the 5s'(1/2)g level,
T, < l/Al, is not known. At pressures around 1 Torr, however,
we see that the de-excitation of the 53'(1/2)8 level due to
electron atom collisions becomes comparable to the radlative

lifetime of thls level at currents around 30mA. We also see
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that the collision transfer of atoms from the 53'(1/2)8 level
to the 53'(1/2)2 level through electron atom collisions 1is
about 1/8 of the electron collision transfer to all other
levels. Almost the same ratio is obtained for the atom-
atom collisional transfer between these two levels and the
total atomic collisional de-excitation of the 53'(1/2)8
level. Again, we have to emphasize that we cannot separate
the contributions to the energy transfer of He-Ne atom col-

lisions from Ne-Ne atom collisions.
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IV.7 Energy Transfer to Higher Lying Ne Levels

In this experiment we l1lnvestigated the excitation of
the 4d', 5d' and 6s' levels through electron impact from
the upper laser level, 55'(1/2)%. Electron impact excitation
1s the most likely energy transfer mechanlism between these
levels since thelr energy difference 1s larger than 1kT which
excludes energy exchange through atom-atom collisions. We
observed a strong current dependence of the intensity change
ratio AIz/AIl, where AL, represents the intensity change of
a spontaneously emitted line originating from one of the
mentioned upper levels, while AIl is the intensity change of
the A = 61188 1ine starting from the upper laser level. The

excltation process can be written:
Ne(5s'(1/2)]) + e I Ne(4d',5d',65') + e (TV.55)

The equation which describes this situation 1is derived in

Chapter (II.d)equation (II.39)

e
Y12 s
An2 A2 ‘
= = ; (II.39)
n e
1 Y,
1+ 551
2

However, before we evaluate our data, we have to give
some consideration to the interpretation of the radiative,

atomic and electronic parameters occurring in equation
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(I1.39). Unlike in the cases described in the preceding
chapters, we were not able to separate single lines in this
experiment. As an example we may refer to the measurement

of the A = 59028 lines. There are four lines, each origi-
nating from one of the 44' levels and terminating on the

3p'(1 1/2)2 level, that have a wavelength of approximately
59023. Of course, our monochromator was not able to resolve
these lines. Instead, we were measuring the sum of the in-
tensitles of all four lines. Hence, we have to give a dif-
ferent meaning to the excitation and de-excitation parameters.

The Einstein coefficient A(5902) has to be written

A(5902) = ug' Miar Muar-zpra 1/2), (IV.56)

where Wud' is a statistical factor. The total radiative

de-excltation rate of the 4d' levels has the explicit form

=
1]

= ug, Wyqr (Aygr_grouna t %p Ayar-3p

p
Also, the electronic collision rates have to get a new in-
terpretation. The excitation rate, 752, is the sum of the

electronic excitation rates of atoms from the 55'(1/2)2

(the upper laser level) to the individual U4d' levels
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e _ 'e
= w IV. 8
12 llczl' ia’ Y12(5s,'(1/2)§ ~ udr) (1759
Similarly, we can write for the total de-excitation rate of

the 4d' level due to electron-atom collisions:

e e
Yo - Ng' Wyar Y2 (4d' - other levels) (IV.59)

The results of our measurements for the excitatlion of the
4d' levels due to electron impact is shown 1in Graph (IV.3).
We measured the current dependence of the ratio AI(5902)/
AI(6118) for Y4 pressure points. Though equation (II.30)
does not include pressure dependent terms, we obtain differ-
ent curves for different pressures. A possible explanation

for this effect 1s illustrated in Figure (IV.2).

Besides the 4d' levels, the 5p' levels are also exclted
through electron impact from the 55'(1/2)2 upper laser level.
The 5p' levels, however, can exchange energy with the 44!
levels through atom-atom collisions since their energy
spacing 1s smaller than 1lkT. Therefore, in order to obtain
the purely electronic effect, we have to extrapolate our

measured values to zerc pressure.

The results for the excitation of the U4d' levels are
shown in Graph (IV.3). We measured the intensity change

ratio AI(5902)/AI(6118) as a function of current for four
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pressure points and extrapolated to zero pressure. The
error bars on the extrapolated curve take into account a 10%
uncertainty in pressure, a 5% uncertainty in the calibra-
tion and a 5% uncertainty in the measured values of the 1n-
tensity change ratio AI(5902)/AI(6118). The extrapolated
curve then was fit to equation (II.39), and the following

results were obtained

'e
Y - -
22 2 o(g9.32 % 047y « 107 Mil111ampere™! (IV.60)
A2 - 0.48
and
v, S
212 o a(5902) = (3.96 T 929y x 103 Mil1iampere!
A2 - 0.73
x see”T (IV.61)
A, is the radiative transition probability of the U4d' levels

2
and is given by equation (IV.57). A(5902) is the transition

probability for the particular transition from the ha' levels
to the 3p'(1 1/2)2 level and 1s given by equation (IV.56).

1 1
Ylg and Y2e are given by the expressions (IV.58) and (IV.59),

respectively.

?
We see that the de-excitation yze of the 44' levels
due to electron-atom collisions 1s very small compared to
the radiative transition probability A2 of these levels.

Unfortunately, we do not know the radiative transitlion proba-
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bilities A, and A(5902). However, we can estimate a lower
limit for Yig in the following way: In equation (IV.57),
the first term, i.e., the transition rates to the ground
state can be neglected because of radiation trapplng as was
shown in Chapter (IV.a2). The ratio of the second term to
the transition probability A(5902) was calculated by Mina-
eva(lg) and found to be 6.5. With this value, Yig can be

estimated from equation (IV.61):

4

Y15 > 2.6 x 10" Milliampere™! (IV.62)

This corresponds to a cross section of

o§2 > 3.2 x 1071 em? (IV.63)
In the same way we determined the excitation and de-
excltation parameters of the 5d' levels. We measured the
ratio AI(5145)/AI(6118) for four pressures, and the results
are shown in Graph (IV.4). The extrapolated curve was fit

to equation (II.38), and we obtained the following results:

'e

Y -— -

= (5.23 7 03) x 1073 mi111ampere™? (IV.64)
2 ~ L)

and
1
e

y

12 2 l) X 102 Mi:Lliamper-e-l

L= - A(5145) = (6.99 T 27
; .

x sec™t (IV.65)
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where

A(5145) = 5§' Woqr Agqr _ 3p1(1 1/2), (IV.66)
Ay = 5%. W5q (ASd'-ground t gp A5d'-3p
*§ Asaroup) (IV.67)
Y5 = 5o Vsar 1o ; (IV.68)
5s'(1/2){ - 54
Y;e y 5§| Yée 5d' - all other 1levels (Iv.69)

We see from equation (IV.64) that the de-excitation of the
5d' levels due to electron-atom collisions is quite small

compared to the radlative transition probability A how-

21°
ever, 1t has more lmportance than for the U4d' levels. Again,
a lower limit for yig can be estimated, neglecting the
first and the last terms on the right hand side of equation
(IV.67). The term J 1} Agq1_3p/A(5145) was calculated by

Mlnaeva to be 12. Thus, for our lower 1limit we obtain

1 (IV.70)

] -
;5 > 8.4 x 103 Milliampere

which corresponds to a cross section of
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5— ? atamir energy excbange
g > 4d’

3s electronic energy exchange

Pigure IV.2 - Explanation for Pressure Dependence of
the Ratio AI(5902)/AI(6118)

Figure (IV.2)

oiz > 1.0 x 1071 em2 (IV.71)
The last two measurements agree within an order of

magnitude with those of Khaikin(6) under the same experi-

mental conditions. Khalkln obtalned the following results:

T - -
Ylg(ud') = 4 x 10” sec 1 Milliampere 1

1 - -
Yze/A2 = 7.9 x 10 3 Milliampere 1

t - -
¥15(5d") = 4 x 103 sec™® Milliampere™!

-2

' -
¥,5/A, = 1.3 x 107° Milliampere
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The difference between his results and our results,
however, can be easlly explained. Khaikin confined his
measurements to one pressure and did not extrapolate to
zero pressure. Thus we feel our values are more reliable.
For comparison, we took our curves for the lowest pressure
value and fit it to equation (II.58). Our results were

almost identical with those obtained by Khalkin.

While 1in the two preceding cases we determined the
excitation and de-excitation parameters of a group of levels,
we were able 1n one case to measure the excltation and de-
excitation rates of a single higher level, namely the
63'(1/2)8 level. We measured the intensity change ratio
AI(5280)/A1(6118) as a function of the current for four
pressures. The X = 5280 line originates from the 63'(1/2)8
and could be resolved by our monochromator. The results
are shown in Graph (IV.5), and the least square fit pro-

grams ylelded the followlng results:

‘e

v
2= (7.98 * 011y x 1073 mil11ampere™ (1v.72)
; :

'e

¥
=2 . A(5280) = (1.05 ¥ 3:2.) x 107 Milliampere™

2 - )

x sec (IV.73)

A2 is the transition probabllity of the 63'(1/2)8 level,

and A(5280) 1s the Einstein coefficient for thls particular
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single transition. We see agaln that the electronic de-
excltation rate 1s small compared to the radiative transi-
tion rate A2. Unfortunately, A(5280) and A2 are not known,
so that we cannot estimate the size of Yig'
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IV.8 Energy Transfer Between States of Different Azimuthal

Quantum Numbers

In all our experiments described in the preceding
chapter, we considered collisions in which atoms were ex-
cited and de-exclted between states of the same azimuthal
quantum number Eé. We are also interested in the possibil-
ity of energy transfer through electron-atom collisions be-
tween the states wilth different azimuthal quantum numbers,
ze and zé. Khaikin(G) reported that this energy transfer
does not occur. The fact that the 2, states are modulated
shows that some kind of energy transfer 1s present between
the Eé and ze states. Three mechanisms can possibly cause
the modulation of the Ze states: First, higher zé states
can be excited through electron impact from the upper laser
level and then cascade into the ze states. A second possi-
bility is that the ze levels are exclted through atom-atom
collislions between le atoms and zé atoms. A third possi-

bility can be electron excitation from a Ré state.

At first we investigated the energy transfer from the
upper laser level to the 4d levels. The energy spaclng be-
tween these levels and the upper laser level 1s in the order
of 1kT, so that both electronic and atomic collisions are
responsible for the modulation of the 4d levels. In con-
trast to the measurement made for the 4d' levels, we were

able to resolve one single line originating from the
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4a(3 1/2)2 level, namely the 58208 line. The curves for the
intensity change ratio AI(5820)/AI(6118) for four different
pressure points are shown in Graph (IV.6). These curves
were flt to an expression similar to equation (IV.U49) with
the method of the least squares. Again, we took into ac-
count a 10% uncertainty in the pressure, a 10% uncertainty
in the current, a 5% uncertainty in the measured intensity
change ratio, and a 5% uncertainty in the calibration. The

analysls yields the following results:

'a
Yo _ + 0.25 -2 -1
Iz— = (4.76 - 0.23) x 10 Torr (IV.7LI)
'e
.
= (6.98 F 046y« 1073 mi111ampere™? (IV.75)
; :
'a
y
o2 . as820) = (5.81 F 0+87) x 10% mopr~?
2 : .
x sec”t (IV.76)
'e
y
Kig . A(5820) = (6.49 } 8:22) x 10° Milliampere 1
-1

X sec (IV.77)

The subscript 2 designates the 4d(3 1/2)g level, and the

subscript 1 designates the upper laser level.

Agaln, we do not know the radiative transition proba-
bilities A, and A(5689). We see, however, that the de-

excitation due to electron-atom collisions becomes very im-
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portant for the 5s(1 1/2)2 level for fairly low currents

compared to the total radlative transition probabillity.

It is also posslble to study the energy transfer
through electron-atom collisions between two unprimed states.
For thils purpose, we measured the intensity change ratilo
AT(5820)/AI(5689), where the A = 56898 line originates from
the 5s(1 1/2)2 level, The results are shown in Graph (IV.T7).
We observe a strong current dependence of this ratio. How-
ever, 1t 1s imposslible for us to analyze these curves,
since we do not know the explicit pressure dependence of
these curves. The energy exchange between all 5s levels
has to be studied in detail. Due to the limitation of our
instruments we could not resolve a line starting from the
5s(1 1/2)g level, thus we do not have enough information to

analyze our curves.

In another case we were interested in the energy
transfer due to electron-atom collisions between the primed
and unprimed 5s states of Ne, 1i.e., states with different
azimuthal quantum numbers. We were however only able to re-
solve a line originating from the 5s(1 1/2)g level, the
lowest of the 5s states. We measured the ratio AI(5689)
/AI(6118), and the results are shown in Graph (IV.8). The
pressure dependence of thils ratio would have to be described
by a complicated set of equations described in Chapter (II),

equations (II.30) to (II.35). In order to obtain the pure
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AI(5820)

AT (6118)
]
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0t
01T
—t
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(ImA

Graph IV.7 - AI(5820)/AI(6118) versus Current, with
Pressure as Parameter
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pI(5820)
ﬁ AT (5689)

1 1 1 I 1 i i —n

0 5§ 10 15 20 25 30 35 40 ¢s 50
t/mA

Graph IV.8 - AI(5820)/AI(5689) versus Current, with
Pressure as Parameter
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electron lmpact effect, we extrapolated to zero pressure,
and with the already described uncertailnties, we obtained

the following parameters:

'e

v
2= (8.76 * 985y 1072 Mi111ampere™] (IV.78)
Al - 005

e

Y
T % A(5689) = (1.25 * 8'337) x 103 Milliampere™!

L i

x sec” T (IV.79)

where the subscript 1 designates the 5s(1 1/2)2 level and

the subscript 2 designates the upper laser level.
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AI(5689)
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Graph IV.9 - AI(5689)/A1(6118) versus Current,
with Pressure as Parameter
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V. CONCLUDING REMARKS

The experiment described in the precedlng chapters gives
us Information about the energy transfer processes between
some excited levels in Ne due to atom-atom and electron-
atom collisions, and the results are shown in Table (V.1).
It was found that in a He-Ne laser under normal operating
conditions (p = 1 Torr, 10mA < i < 60mA) the de-excitation
rates of the 5s'(1/2)g upper laser level due to electron-
atom and atom-atom collisions have an importance comparable
to the radiative transition rate. While the atomic colli-
sional energy transfer occurs only between the upper laser
level (the 53'(1/2)8 level) and the neighbouring 5s levels,
the U4d levels, and the He 2'S level, states lying well
above the upper laser le\el are populated through electron

impact from the upper laser level.

The approximate selection rule for electronic collisions
that each atom preserves 1ts azimuthal quantum number ap-
pears valid. Some exceptions have been observed, but the
effective cross sections for collisions that change the
azimuthal quantum number are apparently much smaller than

for collislons that do not change the quantum number.

Sidelight modulation measurements represent a success-
ful technique to determine the rate constants to model
laser kinetlecs. 1In this experiment, the technique was ap-

plied to a He-Ne laser system, but the same technique can

-124-



also be employed to obtaln rate constants for other laser

systems.
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