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The recombination rate coefficient for molecular
helium ions has been measured in a pulsed afterglow at
1.86 Torr as a function of electron temperature and
electron density without making a^ priori assumptions about
the functional dependence.

The concentrations of the

molecular ions and electrons were measured and the source
terms for the molecular ions were included in the rate
equation.
Ion concentrations were deduced from intensity
measurements of transitions from levels in Saha
equilibrium.

Tandem Czerny-Turner .75 m monochromators

were used to measure the intensities.

The electron

temperatures were likewise deduced from spectroscopic
measurements.

The electron densities were measured as a

function of time using a confocal Fabry-Perot microwave
interferometer.

Unlike previous work, the interferometer

was used to measure the small perturbation due to the

plasma in the presence of the large perturbation due to
the quartz windows.

A very simple model developed to

explain the measurements provided very satisfactory results.
Since some necessary constants such as transition
probabilities are not known for the helium molecule, the
absolute magnitude of the recombination rate coefficient
had to be determined by a scaling procedure.

The total
+

loss rate equation for the helium molecular ion He^
was integrated.

The coefficient for the five terms of the

rate equation could not be determined by linear regression
analysis because the curves were too highly correlated,
so the constants were determined by successively
approximating the molecular ion concentration by the terms
dominant in a given time interval.
The scaling constant determined when the effects of
source terms and electron temperature were not included
was too low by a factor of two.

When source terms were

included but temperature effects were not, the scale
factor was too high by a factor between 2 and 4.

The

overestimation due to neglecting the temperature effects
explained some similar results in the current literature
in which the electron temperature was assumed to be

thermalized during the whole period of the afterglow.
The effect of pressure was studied by comparing
the current results with earlier results obtained at
44 Torr.

For times after which the electron temperature

o
was 300 K, the results were
1.86 Torr:

44.58 Torr:

c*M = (1.42 x 1 0 " 1 8 ) [e~] * 8 1 4 cm 3 /s

M

- C [e ]

cm^/s

which indicates that the stabilization by neutral
particles plays an increasingly important role as the
pressure increases.
The dependence of the recombination rate coefficient
on electron density and temperature is quite complex for
times preceding thermalization.

When

or is approximated

over the interval between 1 and 3 ms as a = C[e~]X,
possible values of x can be determined from the slope of
straight lines drawn through the plot of log a as a
function of log [e ] . The resulting temperature
dependence is smaller for all reasonable values of x than
that allowed by the theory of collisional-radiative
recombination.
The atomic recombination rate coefficient measured

in a previous experiment shows a linear dependence on
electron density and a temperature dependence on
-4.3
(T /300)

which is close to the theoretically predicted
-4.5

(T /300)
e
At present, the theory of collisional-radiative
recombination seems capable of explaining the recombination
of structureless singly-charged positive ions such as
He

with electrons.

However, it fails to explain the

observed dependence of the molecular recombination rate
coefficient on electron density and temperature.

It also

offers no explanation for the differences observed in the
atomic and molecular cases.

trtW-

THE RECOMBINATION RATE COEFFICIENT OF MOLECULAR HELIUM
IONS IN A PULSED AFTERGLOW AT 1.86 TORR

THESIS

Presented to the Graduate Council of the
North Texas State University in Partial
Fulfillment of the Requirements

For the Degree of

DOCTOR OF PHILOSOPHY

By

, /'

yi
Helen n Hicks, B. A.
Denton, Texas
August, 1972

TABLE OF CONTENTS
Page
LIST OF TABLES
LIST OF ILLUSTRATIONS

iii
"

iv

Chapter
I.
II.

INTRODUCTION
ANALYTIC TECHNIQUES

1
14

Determining the Molecular
Recombination Rate Coefficient
Scaling the Molecular Recombination
Rate Coefficient
Temperature Dependence of
Molecular Saha Levels
Temperature Factors
Scaling the Molecular Ion Product
Determining the Electron Temperature
Electron Density Measurements

^

^ ^
Pi
13 W
3 H
£25

III.

0

47

Gas Handling Techniques
The Discharge
Spectroscopic Techniques
Spectroscopic Observations
The Data Acquisition System
Electron Density Measurements
Measurement of Electron Temperature

M

§
£3
P
cd
IH
&

EXPERIMENTAL METHOD

IV.

DATA ANALYSIS
Error Analysis
Miscellaneous Techniques
Determination of Temperature and
Distribution Coefficients
Linear Regression Fit of Coefficients
Individual Scaling of Terms

108

Chapter
V.

Page
RESULTS

125

Determination of the
Electron Temperature
Temperature Factors
Time Dependence of Light
Intensities
The Recombination Rate Coefficient
Dependence of the Molecular
Recombination Rate Coefficient
on Source Terms
Dependence of the Recombination
Rate Coefficient on
Temperature
Dependence of the Recombination
Rate Coefficient on Pressure
Comparison of the Recombination
Rate Coefficient for Atomic
and Molecular Ions
Comparison with Other Experiments
VI.

SUMMARY AND CONCLUSIONS

176

APPENDIX I

181

APPENDIX II

187

BIBLIOGRAPHY

198

LIST OF TABLES
Table
I.

Page
Analysis of Helium Used for
1.86 Torr Measurements

II.
III.
IV.

V.

VI.

VII.

59

Linearity Settings

78

Temperature Profiles for Different
Thermalization Intervals
Ratio of Scale Factors Calculated
With and Without Source Terms

134
152

Temperature Dependence for Times
Less than .766 ms

161

Temperature Dependence for Times
Greater than .766 ms

163

Contribution to & from the Terms
and k^te"] at Low Pressure
(1.86 Torr)

&
^
169

LIST OF ILLUSTRATIONS
Figure
1.

2.

3.

Page
The Molecular Recombination Rate
v;
Coefficient of Helium as a Function
of Electron Density at 44.58 Torr . . . .
Preyious Measurements of the Molecular
Recombination Rate Coefficient of
Helium as a Function of Electron
Density

9

11

The Spectrometric Electronic
Subsystem

48

4.

The Quartz Discharge Cell

49

5.

Th6 Gas Handling System

53

The Detected Intensities of Three
Molecular Helium Lines Measured
as a Function of Time at
1.86 Torr

69

6a.

6b.

The Detected Intensities of Two
Molecular Helium Lines Measured
as a Function of Time at 1.86 Torr

. . .

71

7.

The Fabry-Perot Microwave Resonator

8.

The Fabry-Perot Interferometer Subsystem

9.

Resonance Patterns as a Function of
Frequency for 3 Positions of the
Substitute Cell

88

Histogram of 43 Measurements of the
Refractive Index of Quartz

90

The Change in the Index of Refraction
of CO2 Referenced to Vacuum as a
Function of Pressure

92

10.

11.

83
. .

84

Figure
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Page
The Reframed Electron Density
Measured as a Function of
Time at 1.86 Torr

98

The Detected Intensities as a Function
of Wavelength in the Spectral
Region Containing the Ionization
Limit of the n 3 P - 2 3 S Series

100

The Detected Intensity as a Function
of Wavelength for the High-Energy
Tail of the Continuum Containing
the Ionization Limit of the
n 3 P - 2 3 S Series

102

Absolute Intensity of the 18 3 P - 2 3 S
Transition as a Function of Time
at 1.86 Torr

104

The Detected Intensity of the
16p 3 n - 2s 3 £ + Band as a Function
of Time. . . "

107

The Functions F, f-^,
f , and f 4
Describing the Reaction Rate
of [He + ] as a Function of Time
2

114

The Constant
Determined as a
Function of Time

119

1 2
3
The Function F-^ , F^ , and F-^ as
a Function of Time

121

1
2
The Constants K^ and K
as a
Function of Time

123

The Electron and Distribution
Temperature as a Function of
Time Measured by Each of the
Methods

126

Figure
22.

23.

24.

25.

26.

27.

28.

Page
The Spectral Intensities of the
n P - 2 S Series per Unit
Energy Interval of Ionization
Potential of the Upper State as
a Function of the Upper State
Energy for the Time Interval
0.25 - 0.825 ms from the End of
the Discharge Pulse

127

The Spectral Intensities of the
n^p _ 2^s Series per Unit
Energy Interval of Ionization
Potential of the Upper State as
a Function of the Upper State
Energy for the Time Interval
2.6 - 4.2 ms from the End of
the Discharge Pulse

129

Fractional Deviation of the Two
Curves R(4) of the 4d^S + - 2p3[I
U
g
Band and R(6) of the
3
4d
- 2p rig Band as a
Function of Time

138

The Molecular Recombination Rate
Coefficient at 1.86 Torr as
a Function of Electron Density

. . . .

The Molecular Recombination Rate
Coefficient as a Function of
Electron Density Scaled Without
Considering Source Terms or
Temperature Effects
Comparison of the Dependence of the
Molecular Saha Intensity and the
He + Concentration on Time
2
The Temperature Dependence of a /[e~ ]. . . .

VI

142

148

155
157

Figure
29.

30.

31.

Page
The Temperature Dependence of
(a - a )/[e-]
p
The Temperature Dependence of
otA e-] - 8 1 4
The Atomic Recombination Rate
Coefficients at 1.86 Torr
and 44.6 Torr as a Function
of Electron Density

159

160

. 172

CHAPTER I

INTRODUCTION
The problem discussed in the following pages is
that of determining the recombination rate coefficient
of molecular helium ions with electrons as a function
of experimental parameters without making a. priori
assumptions about the dependence of the coefficient on
the parameters.
Four parameters are especially important for a
meaningful determination.

These are

1) the neutral

gas pressure in the discharge, 2) the electron
temperature, 3) the types of ions present, 4) the sources
of these ions.

These parameters need to be simulta-

neously determined in order to present meaningful results.
The experiments discussed here have been carried
out in the afterglow of a pulsed discharge.

In such a

system, the gas contained in a cell is subjected to a
high voltage discharge which causes ionization to occur.
The processes occurring during the discharge pulse are
quite complicated and depend to a large extent on such
discharge parameters as pulse length and pulse amplitude.

After removal of the high voltage, the free electrons
thermalize and the processes of recombination, diffusion,
and de-excitation occur.

During the recombination and

de-excitation, the light which gives the afterglow its
name is emitted.

By waiting to make observations until

after the end of the voltage pulse, it is possible to
study the afterglow processes without considering the
very rapid and inhomogeneous processes of the discharge.
Although the helium system appears simple, conHh
sisting of reactions of the two ions He

and He

*4"
, the

2
situation is more complicated than initially believed.
First, there is the evidence of the existence of the
*i*
minority ions He^

-f*
and He^ .

This has been obtained

from drift tube measurements^ and from mass spectroo

2

metric studies on afterglows at 77 K.

'3'4
Second,

contrary to the general theory of collisional-radiative
5
4.
recombination,
the recombination of He
is not of the
2
same functional dependence on experimental parameters
as that of H e + .
In many of the earliest measurements in pulsed
helium afterglows, the electron density was assumed to

be equal to the He

+

concentration at all times and rate

2
coefficients were deduced from the decay constants of
the electron density.

These recombination rates were too

large to satisfactorily fit the scheme of two-body
radiative recombination:
X+ + e"

> X* + hv

(1)
-11

for which recombination rate coefficients of 10
-12
10

to

3,
cm /sec are predicted by theory.
The theory of recombination was later modified to

explain the extremely large rates of recombination
observed in night-sky observations.

These processes,
_7

described by recombination rate coefficients of 10
""8
10

to

3
cm /sec, were first attributed to positive ion -

negative ion recombination.

This hypothesis was

abandoned in favor of the theory of dissociative
recombination. That mechanism accurately describes the
•
1
recombination of many molecules such as Ne^ , Ar^ , Kr^ ,
+
+
+
6
Ne , 0_ , and NO . Bates in 1950 suggested that it
2
2
might also explain the large rates in helium.
Objections to that theory were raised in the early

1960's.

First, the mechanism

X 2 + + e-

3> (X2W)

^ X* + X + KE

(2)

*

where X

denotes an excited state, implies that the

afterglow radiation would be primarily atomic in
character as a result of the de-excitation of the
excited helium atoms resulting from the dissociation.
7,8,9,10
The observed spectrum

, especially at pressures

greater than 5 Torr, is molecular, which argues against
the mechanism.

A further objection is that the more

highly excited He states would not be populated by this
mechanism since at least 2.2 electron volts are lost
* ^
• •
11,12
because of the dissociation.
Observation contra. . 9,13,14
diets this supposition
showing Rydberg states
to be populated to within kT of the ionization limit.
• ,,
. 1 5
Finally, Mulliken
, on the basis of the potential energy
curves of the ions, predicted that the reaction would
2
not occur.

The stable molecular ion, la

2
la

+
£

,
9
u u
can collide with a fast electron and cross over to the
unstable excited state having the ionic core,
la

9

la

2 2 +
*
£ , which then dissociates to He and ground

u

a

*

state He.

The He

produced would necessarily be in

states further than 1-2 eV from the continuum.

Only

stable ions possessing a great deal of vibrational energy
can undergo this process.

If the population of highly

excited molecular ions is sufficiently large enough for
this process to be important, vibrationally excited neutral
molecules would be formed by the competing collisionalradiative recombination processes.

Vibrationally excited
12,16

molecules with v > 2 have only recently been observed;
the intensities of emission are very low.
The development of the collisional-radiative theory
provides a better explanation of the rate coefficient
for recombination in helium. Bates, Kingston, and
5
McWhirter

considered the coupled reactions

X + + e" + p"-g—>y + e"
X + + e~

> X + hv

X (p) + e <

X(p)

X (q) + e

>X(q) + hv

p > q

p > q

where p and q are principal quantum numbers and described
the theory of the coupled reaction of collisionalradiative recombination.

The name is intended to imply

6

not that the process is the sum of collisional and
radiative processes, but that it is the result of interacting processes.

One process or the other may

effectively dominate depending on experimental conditions.
5
Although Bates et al^

specifically excluded a singly

charged molecular ion from consideration because of the
possibility of dissociation, the theory is expected to
describe the non-dissociative recombination of molecular
ions, particularly ions like He

+

which can be ap-

2
proximated as a core with one positive charge.
The first experimental confirmation of collisionalradiative recombination for molecular helium was obtained
9
by Collins and Robertson in 1964 in a flowing helium
afterglow. Both the molecular emission and the He +
2
concentration were monitored. The dependence of the
4emission on the product of the He
concentration and
2
the electron density concentration was that predicted by
the collisional-radiative recombination theory for
17
conditions in which collisional processes dominate.
Born later measured a recombination rate equal to the
theoretical one for H e + at pressures of 12 Torr to
12
-3
20 Torr, electron densities of 2.5 x 10
cm
to

13

-3

2 x 10

cm

and electron energies corresponding to

o 18
electron temperatures from 900 to 2200 K.
19
Another reaction, suggested by Bates and Khare
as being capable of stabilizing the recombination rate,
is a reaction similar to the first one of Eq. (3) in
which the third body is a neutral species instead of cin
electron.

That reaction can be written as
X4" + e~ + v ^

+

Y .

(4)

For the helium afterglow, the stabilizing particle is
expected to be a helium atom.

He 2 + + e" + He^=±He 2 * + He .

(5)

Theoretical calculations for the case of helium were
carried out for stabilization of the recombination of
+
the He

20
ion by Deloche and Gonfalone.

calculations for the case of He

Further

were carried out both

2
for the case of thermal equilibrium between the ions and
21
the electrons
and for the case in which the electron
22
temperature is greater than the ionic temperature.
Some preliminary work by Collins et al.

8

10

at 44 Torr

showed satisfactory agreement with
23

experimental results obtained by Berlande et aJL.
the common range of electron densities measured.

over
However,

the results disagree seriously with those predicted by the
22,23/24
extended theory.

The agreement between the

measurements of the recombination rate coefficient as a
function of electron density is shown in Figure 1, reproduced from reference 10.

The error bars represent statis-

tical error in the measurements.
23
Berlande et. al_.

The results of

are indicated by the solid line.

The

dashed curve indicates the theoretically expected
dependence.
Although many other measurements of the recombination
+

rate coefficient of He^

have been made, none have

satisfied the four criteria mentioned earlier.

In a

number of these, it was assumed that the plasma was
recombination2 5controlled but the criteria established by
Gray and Kerr

that estimate the accuracy of assuming

both recombination control and the presence of a single
ion were not always met.

In the rest, the agreement was

not good between experiments in which recombination
control occurred, one ion dominated, and impurities in

10-7
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Fig. 1 — T h e Molecular Recombination Rate Coefficient
of Helium as a Function of Electron Density at 44.58 Torr.

10

the gas were neglible.

Figure 2 represents data obtained

in such experiments in which the experimental techniques
are not open to criticism.

The numbers in parentheses

correspond to the number of the reference in the
* bibliography.
The work by Collins et aJL. at 44 Torr was carried
out in order to determine the functional dependence of
the recombination rate coefficient on the parameters of
gas pressure and electron density, without making any
Priori assumptions about the dependence.

It was felt

that lack of agreement in earlier measurements perhaps
stemmed from different assumptions about the dependence
on experimental parameters.

In a number of cases, the

minority ion was considered insignificant and ignored.
The electron density would then be set equal to the He 2 +
density and the recombination coefficient found from
the decay of the electron density with time.
The relationship of the electron density and the
calculated recombination rate coefficient was directly
determined at 44 Torr as described in the following
chapters and in reference 10.

Two of the four require-

ments for a meaningful measurement were met —

the ion

11
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Fig. 2—Previous Measurements of the Molecular
Recombination Rate Coefficient'of Helium as a Function
of Electron Density.

12

densities were independently determined assuming only
total charge neutrality, and the pressure was accurately
measured.

The electron temperature was not measured and

no allowance was made for possible sources of ionization
following the discharge pulse.

Until 1971, source

terms were commonly disregarded.

However, in their most
31

recent work, Johnson and Gerardo

argue that results

are significantly different if sources are ignored.
It was decided to undertake the measurement again
at a low pressure to minimize spatial inhomogeneities.
All the needed parameters —

pressure, electron

temperature, concentrations of the ions, and source
terms —

were measured.

There was particular interest

in determining the importance of the source terms, since
31
Johnson and Gerardo

claim that neglect of the terms

will cause the source-free recombination rate to
be an order of magnitude smaller than the actual
recombination rate and that the source-free rate could
then be regarded only as an effective rate.

It was

found that their failure to measure the electron temperature led to an over—emphasis of the importance of the
ion sources balancing recombination losses.

The results

13

presented in the present work are in reasonable agreement
with theory when all the necessary parameters are
considered.

CHAPTER II

ANALYTICAL TECHNIQUES

Determining the Molecular
Recombination Rate Coefficient
The primary goal is to express the molecular
recombination rate coefficient in terms of measurable
quantities.

This coefficient, designated as a , is
m

conventionally defined as if it were a two—body reaction
rate coefficient.

In the case of three-body reactions,

it displays a dependence on the concentration of the
third body.

The coefficient relates the loss rate of

the species due to recombination alone to the concentrations of species taking part in the recombination.

For

the different process considered, a m will have the
following forms:
„
He„+ +J. e -

k

1

! X> UHe. A+ hhv -d [He*]
2
A

= k1[He2+][e"3

(6)

= k2[He2+][e ]

(7)

R

dt

or, - k

+
He„
+
e
'2
a

2

=

k

k

2
* -d[He„+]
=-> He + He
2
dt

2

14

15

He_

+

+ e + e

^3

* ,
» He„ + e

2

-d [

z

2—

= k3[He2 ][e ]

(8)

= k4tHe2 ][e"][He]

(9)

dt

a ^ = k3fe"]
+
He2 + e + He

^4
^

He2

*

+ He

-d[He *]
2
dt

= k^[He] .

R

The subscript on the derivative of the He 2 concentration
with time emphasizes that only the loss rate due to
recombination is considered.

Eqs. (6) and (8) are the

two limiting cases of collisional-radiative recombination,
17
Eq. (9) represents the Bates-Khare process
dissociative recombination.

, and Eq. (7)

As discussed in the in-

troduction, dissociative recombination is not expected
to occur.

It will no longer be considered here.

In the case of collisional-radiative recombination,
the dependence of a

on concentrations will not
m

necessarily be a simple one.
The loss rate due to recombination can be expressed
as
-a[He +][e"] = d_ [He + ]
dt

= -E d_ [He„ (i_)]
i=l dt
R

(10)

16

where i represents the principal quantum number of the
He^ molecule.

Since the populations of the levels for

i > 2 are relaxed more rapidly than that of the ground
level or of the metastable n = 2 levels, the infinite
sum can be written in terms of the (unstable) ground level
5
state and the n = 2 levels without significant error.
Then,
+
+a[He9+][e ] = d_ [He„(n = 1)]
dt
R

[He„ (n = 2)3

(11)

"

The change in the populations of the states will result
from radiative transitions, collisional excitation or
de-excitation, collisional-radiative ionization and
recombination, and radiative recombination.

The processes

and the appropriate rate constants will be:
+
He

2

K(c,p).
+ e

+ e

He

2(P)+e'

< 12a >

K(p»qX
He2(p) + e

p)

He

2^^

+ e

KN(p,q)
He2(p) + He < R N ( q > p ) He2(q) + He
Mp,g)
He (p) <
2
A(q,p) H e 2 ( q J + h v
+
He2

+ e + He

P> q
p> q
P > *1

(12b)
(l 2 c )
(12d)

KN(c,p)
He2 (p) + He

(12e)

17

He + + e"
2

^ He2(p) + hv .

(12f)

K(i,j) and KN(i,j) are collisional rate constants for
transitions between levels i and j caused by collisions
with electrons or with neutral atoms respectively.

The

symbols i or j are replaced by c when the transition is
to the continuum of free states lying above the ionization
potential.

A(i,j) represents the Einstein transition

probability of spontaneous emission.

/J(i) is the

radiative recombination rate coefficient.
The change in the population of state p can then be
written
d[He2(p)1
dt

_

-[He2(p)][e ][K(p,c) +

(1)
-[He2(p>]

£

K(p,q)]

? q

*

(13)

(2)

£ A(p,q) - [He2(p)][He][ £
PXI

KN(p,q)

P*1

(3)

(4)

+ KN(p,c)] + [He2+][e~] |[e~] K(c,p) + [He] KN(c,p)
(6)
+ jS(p)}+[e"]

£
q^p

(8)
+ [He]

(7)

[He2 (q)] K(q,p)
(9)

£ [He_(q)] KN(q,p) + £ [He (q)] A(q,p) .
q^P
q>p

(10)

(11)

18

This expression can be considerably simplified by considering certain energy relations.

For plasmas in which

the electron temperature is no greater than 600°K, the
electrons and neutral He will have no more than .05 eV
energy and will be unable to cause collisional ionization
or direct collisional recombination into states lying
far below the ionization limit.

Therefore

K(p,c) « K(c,p) = KN(p,c) = KN(c,p) = 0 for p = 1,2

making terms (1), (5), (6), and (7) zero.

The particles

will also have insufficient energy to cause collisional
32
excitation of molecular levels below p = 4.

For the

case p = 1 or p = 2, terms (9) and (10) are neglible
because of the large energy separation.

Term (3) will

be reduced to
[He 2 (p)]

L
p>q

A(p,q) = [He 2 (2)] A ( 2 , l ) .

The fact that the level p = 1 is the unstable
ground state of the molecule will not change the above
statements.

It is still possible to consider spectral

transitions as occurring from level 2 to level 1 provided
one realizes that such transitions result in the forma-

19

tion of two ground state neutral helium atoms.
With the above simplification, Eq. (13) can be
substituted into Eq. (11) for the terms p = 1 and p = 2
to give.
+

a[He„ ] [ e ] = - [ e ]

2

£
p=i

E
q

[He (p)] K(p,q) - [ H e , ( 2 ) ] A ( 2 , l )

(1)

2

-[He]

(15)

p^q

+

£
p=l

£
q

-

[ H e 2 ( p ) ] KN(p,q) + [He 2 ] [e ]

(2)
2
£ j8(p)
p=l

q^p
(3)

(4)

2
+

£
p=l

£
q>p

[H e 2 (q)] A ( q , p )

.

(5)

The rate of the radiative recombination, as mentioned in
the introduction, is very small compared to the other
rates so that term (4) can safely be ignored.

Values
-12

given in reference 17 for

0 (1) and

0 (2) are 1.02 x 10

3
—13
3
cm /sec and 5.66 x 10
cm /sec, respectively.
Alternatively the terms can be considered the limiting
case of the radiative terms in term (5).
included in term (5) —

If they are

(which is equivalent to letting

the sum extend to infinity) —

they will be determined

in the scaling procedure discussed below.

Calculations
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by Gryzinski
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for collisional de-excitation of the n = 3

levels of He 2 by electrons give rates on the order of
-9
6 x 10

3
cm /sec.

Similar calculations for the de-

excitation by neutral atoms give similar rates.

At values

of neutral particle concentration and electron densities
characteristic of

these experiments such terms are less

-3
than 10

as large as the dominant terms of Eq. (15).

Terms (1) and (3) are therefore ignored.
The expression for the collisional-radiative
recombination rate coefficient has now been reduced to
2
a[He_ J [e"] =
£
X [He <q>] A(q,p) - [He (2)] A(2,l).
2
p=l q>p

(16)

Making the substitution I(q,p) = He (q) A(q,p), one obtains
2
2
a[He„ ] [e~] = E
£ I(q,P) - 1(2,1) .
1
p=i q>p

(17)

At this point, a could be determined directly from a
measurement of all the intensities in the sum and from a
measurement of the concentrations of the molecular ion
and the electrons.

However, it is also possible in theory
i

to evaluate a from purely spectroscopic measurements by
making use of the Saha-Boltzmann equation.

This equation
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describes the situation in which there is a local thermal
equilibrium among the ions, electrons, and certain states
near the continuum.

The states need to be within kT of the

2kT of the ionization limit to be in equilibrium.

For

such a high lying state, Q, the equilibrium

He 2 (Q) < = ± H e 2 + + e'

(18)

can be expressed as follows:

-3/2
+

_

[He <Q» = e(0) [He 2 ][e ] (

+ T " " '
"e

2

2T,mkI

" h

2

+

°Q

/kT
W

e)

'

6

e

Vt

2

( Q ) )

<He

+>

2

+

(19)

4-U

where g (Q) # g # and g are the degeneracies of the Q
e
excited state, the ion, and an electron; U

is the
Q

ionization potential of state Q, k is the Boltzmann
constant, h is Planck's constant, T

is the electron
e

temperature, and T is a distribution temperature

T

where T

(20)

< T < T
g - e

is the temperature of the gas.
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A brief

9
derivation of the Saha equation may be found in Appendix I.
Expressing the population of state Q in terms of the

22

emitted intensity from the state,
[He2(Q>] = I /A(Q,2)

where A(Q,2) is the spontaneous transition probability
from level Q to level 2, the following equation results;

d

[He„+] [e~] =

S

g

e
g(Q)

q

rot^ H e 2 ^
f2TTmkTe)
qrot(He2(Q)) X h2 /

q

/kT

_
-<
•
A(Q,2)

e

(21)
21

<

>

Now a can be expressed in terms of spectroscopically
measurable quantities using Eq. (17) and Eq. (21).
Letting G stand for the collected statistical weight
factors and

for the rotational partition functions,

<x can be written as
2

£

£

I(q,p) - 1(2,1)

Of = P=1 q>P
GQ

_
. _ .3/2 -|U n /kT
e)
e ' '

(

2
h

(22)
_
Q
A(Q,2)

One problem occurs in using Eq. (22)s

none of the

transition probabilities for the levels are known.
8,9,10
However, it has been noted by many investigators

that

the time dependence of all the observed bands is the
same.

This suggests that the sum of the intensities in

the numerator of Eq. (22) could be replaced by the

23

intensity of a bright line scaled to the total molecular
light intensity.

If the intensity of such a bright line

is designated as I , then
x
Of =

^
3/2
_ /2TTmkT \
'
h2

(23)
U

Q

/kT
A (Q, 2)

If a new constant, k , is defined which incorporates all
o
the time independent quantities in Eq. (23), the result is
"o 1 *

Of
3 2

^

(T )
e

"o =

- uJ/kT
e W " I Q
Q r

C A(Q 2
- a>2

(24)

G p * )
V 2 '
h

From a measurement of T , T, I , and I , ot can be
e
x
Q
determined if k can be determined. The functional
o
dependence of

a

on the experimental parameters is given

by Eq. (24).
Scaling the Molecular
Recombination Rate Coefficient
In order to determine the scale factor k , it is
o
+

necessary to use the time derivative of the He
2

concentration.

The derivative will have loss terms due
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to recombination and diffusion and gain terras due to
ionization.
The total time derivative of [He + ] is as follows:
2

•f.

= - a 4 [ H e 2 + ] fe"]
dt

- <* [ H e 2 + ] [ e _ ]

(1)

- X^D [He

(2)

+ ^[He^lHe]

2

+

[He]

S

P

]

(25)

(3)

k [He(p)]

P

(4)

P

+

.

(5)

The diffusion term is term (3).

Term (4) represents the

conversion of atomic ions to molecular and term (5)
the gain due to Hornbeck-Molnar processes.

The associated

reactions are

° y

H e

2+

+

-f"

e

+

e

>He2

+

e

He

kj.:

H e + + He + He

kp •

He ( p ) + He + He — ^ H e ^ + e

2

q-

(25),

Term ( 1 )

—

01 :

3

E

"

+ e

+ He

^He2 +

He

(2)
(26)

> H e 2 + + He

(4)

+ He .

(5)

The collisional-radiative recombination rate
coefficient a will be the sum of <2

and a, .
1

Another

2.

term, a1^, couid be included for the radiative transition
as well, if desired.

Then

a

=

ct, +

a

A

+

a,
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or using the proper three-body rate constants, k

and k
3

a = k3fe"l

+

The dependence of a

on

the magnitudes of k

and k .
4

3

4

k^[He] + a^ .

[e ] and [ He]

will then depend on

Terms (1) and (2) of Eq. (25) will then be replaced
by
-a [He2+] [e~] .
2
The constant

X

in term (3) of Eq. (25) is the

separation constant for the diffusion equation.
A2
2
where

A

2
is the characteristic diffusion length.

A

for the fundamental mode of diffusion is related to the
dimensions of the cylindrical cell by the expression

A

2

2
2
= (2-405) + (_rr_)
r
'
H
o

(27)

where r Q is the radius of the cylinder and H is the
height.

The D in term (3) is the product of D

, the
a2

ambipolar diffusion coefficient for the molecular ions,
and of the pressure, p.

The term can be shown to be

26

independent of pressure
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but it does depend on the ion

temperature and the electron temperature.
D

a2

p are obtainable from the literature.

Values of

25,35,43

The

coefficient is defined in terms of the mobilities as

D . =
ai
where

and

D. ^
D (j,.
i *e + e i
^ + ne

ne are the mobilities of species i and the

electrons and D. and D are the free diffusion coi
e
efficients of species i and the electrons.

Use of the

Einstein relation
D.
=
^

kT.
I.
e

, %
(28)

where k is the Boltzmann constant and e is the charge
of an electron and the valid approximation that
p,e > > (j,i leads to the expression

D . = k^i
a i
e
- V l
e
If T

is constant —
i
can be rewritten as

(T + T.)
e

x

(l • !e)
Ti/

v

which implies jj, is constant —
i

this
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D . = D. fl + Te^
ax
1 V
— /

(30)

i
T\ for the molecular ions is the gas temperature T^.
Making the substitution of Eq. (30) into term (3) of
Eq. (25) means that term (3) is now written as
-X2P [He2+] = -\ 2(D a2 p) [He2+]
P
P
=

(l + i ) [He/] .
T
g

P
When T

e

(31)

= T , the value of Da p will be equal to 2D p.
g
2
2

All the terms in the lower expression of Eq. (31) can
be experimentally determined except D .
2
be related to the tabulated values of D

D

can either
2
or determined

a2
as a constant.
The Hornbeck-Molnar terms of term (!5) can be
rewritten in terms of intensities as

™

where A

^

k

p W

is the transition probability for the
P2

transitions between the levels n = p and n = 2.
Consideration of the expected contribution of the
Hornbeck-Molnar process leads to a simplification.

(32)
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The number of levels necessary to approximate the infinite
36
sum to within 5% is twenty-four,
n = 6 must be considered.

since levels up to

However, if the assumption

is made that Eq. (32) can be replaced by

HM = k E I_
m p
F

(33)

where k can be thought of as the ratio of an average
m
weighted rate constant and an average weighted spontaneous
transition probability, the problem is more tractable.
If this approach should fail to give a sufficiently
good representation, the truncated sum of twenty-four
terms must be used and the twenty-four terms k

solved
P

for simultaneously.

Eq. (25) can now be rewritten to reflect all the
above substitutions.

<

" Hc 2 +1 .

One then obtains

-a[He2+] [e"] - X2

(D

2 p ) (l + 5=) [He/]

dt

+ k T [He + ] [He]2 + k

X

m

£

P

I

p

(34)
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It is convenient to define new constants for the timeindependent quantities.

The number of ionized species

will be a very small percentage of the neutral helium
atoms so that [He] can be replaced by the pressure in the
discharge.

Typical values for the ratio of the number of

ionized species to the number of helium atoms are 10~^
-6

to 10

. Using the expressions,
» X2

(P

2 p)

P
= kj.[He]2 = kj.p2
K. = k ,
4
m
Eq, (34) becomes
dlHe

+

2
dt

]

/

= -a[He + ] [e~] - K [He*] (l + *e) + K [He+] + K E PI . (35)
i ^ \
j
p
T /

The expression can be formally integrated for times
between t and some final time t_ to give
f
^
ftf
t

J

d[He

2 +] = [He +(t )] - [He +(t)] = -ftf «[He + ] [e"]dt
J
dt
t

K

1 Itf tHe2+1 (1 + i.) dt +k3 J

+ K,
f
4 J.
t

£ Ip dt
p

f

[He+]dt

(36)
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The use of Eq. (17) and the relationship used to obtain
Eq. (23), that

C I

=

X

£
P=1

E I (q, p) - 1(2,1) ,
q>p

(37)

means that the following expression can be written:
[He2+(tf)] - [He2+(t>] = -C J t f I x dt - ^
t

f

f

t

[He2+](l + 5e)dt
T

t
+ K3 J

f

(38)

t
[He"1"] dt + K 4 J

f

£ Ip dt .

Before proceeding, it might be useful to examine the
implications of a more approximate method of finding ot.
In many of the earlier papers, the electron density was
assumed equal to the molecular ion concentration.

The

decay of the electron density is described by the
expression

dlHe

2
dt

1

= dfe'l = -ale']2
dt

(39)

the solution of which is

=
[e~(t)]

+ o/v x (t:-tQ)
[e"Ct0>]

(40)
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29

Oskam has given a critique of earlier work

and shown

that many of the earlier experiments in which the
electron density was measured failed to meet Gray and
25
Kerr's criteria

for the method.

A comparison with Eq. (34) shows that this approach
is equivalent to ignoring He + and assuming that diffusion
loss is neglible and that there are no sources of
ionization producing He

+

.

Even more important is the
+
fact that some source terms of He , which may
significantly influence the electron decay, are ignored.
4*

Before evaluating the concentrations of He

in
2

terms of spectroscopically observed quantities, it is
necessary to evaluate the rotational partition functions
in Eq. (21) .
Temperature Dependence
of Molecular Saha Levels
The expression for the temperature factor appearing
in the atomic Saha level expression may be found in
Appendix I or from an analog to Eq. (19) in which the
rotational partition functions are equal to one.
partition functions appearing in Eq. (19) must be
evaluated for the molecular case.

The
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The rotational partition function for a symmetric
diatomic molecule is

- F (J) hc/kT
qrot =
rot

E (2J + 1)
j=0
2

e

V

.

(41)

As described in Appendix I, when 0 < < T,

^rot
roc

where B

v

(42)
20

r

2B he

v

is the rotational constant for the molecule,

c, is the speed of light, and T is the temperature
pertaining to the species.

When the condition on ©

r
holds, as it does for all the helium molecular levels
and for the molecular ion, Eq. (21) can be written as

3

+

[He, ][e-] - H i e
S(Q)

2 >
. W Q »
+
9 (He, )
*(He2(Q»
r

x

e

/2

T(He

T1 Q

(43)
2
H

2

/kT
A(Q,2)

The temperature for the ions will be the gas temperature
T , that for the excited molecules will be the distribu9
tion temperature T. Letting G represent the collected
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degeneracy factors, one obtains

[He,+] [ = "] = G 9 r' H e 2 ( Q ) 1
/

i
+

^
1m

8 [He, ]
r
2
3/2
-

R

(£)

< T

/'~

3/2
(f^V)
*
O
f
h2

- u„ /kT
e 1Q

(44)

A Q/A 2 )
A(

'

-|uJ/kT
e

r Q l

1

T

Q

R collects all the time-independent quantities.

Temperature Factors
It will be convenient to separate the temperature
dependent factors appearing in the expression for the
concentrations so that the concentrations are referenced
to some standard state.
-J-

He

The concentrations for both

•{•

and He^

at some temperature T will be divided by

the concentrations in the standard state {T = T

e

= T

g

=

o
300 K) to determine the factor.

This makes the temperature

dependences somewhat easier to follow since the temperature factors are one when T

and T are equal to 300°K.
e
It will be assumed that the gas temperature T
9

remains 300°K.
factors:

Then one has the following temperature
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[He*(T,T e ,t)]
q(T,T

e)

(45)

[He + (300,300, t ) ]
U
q
3/2

(-L " -i.)
v
T
300'

300

x
Q(T,T

=

e^

[He2+(T,Te,t)]
[He^(300,300, t ) ]

1/2 \\

- cu

(l - _1_)
300'

300

where U

<J

and U are the atomic and molecular ionization
Q

potentials.

The difference in the temperature dependence

of the atomic and molecular concentrations is significant
and has not been previously noted.

Scaling the Molecular Ion Product
Before Eq. (38) can be solved for the undetermined
coefficients C , K , K , and K , it is necessary to find
1
1
3
4
4" ""
[ He^ ] [e ] in absolute units. The corresponding task for
4*
[ He ] is completely straightforward since the necessary
transition probability A(q,2) for level q is available.
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However, A(Q,2) for the molecule is not known so that
Eq. (43) cannot be used directly.
There are two approaches to finding the appropriate
scale factor R in Eq. (44).
-f-

The first is to subtract

—

[He (t)] front [e (t) ] .

The result will be proportional

to the molecular Saha intensity, so that the scale factor
is easily determined.
factor by assuming
Saha intensity.

The second is to find the scale

[e ] is proportional to the molecular

Late in the afterglow, this procedure

is reasonable since most of the [He + ] has already
recombined.

The much faster loss rate of [ He+] is

reflected in the much steeper slope of the atomic and
molecular Saha intensities.
A problem can arise in scaling the He

concentra2

tion by the first method.

The procedure will give

erroneous results if the measuring techniques for the
electrons and for the light intensity measure different
spatial averages of the electrons and ions over the volume,
A procedure was devised to find the correction for
the distributions and the scaling of the molecular Saha
intensity to

[He^+] [ e ].

At a time late enough in the
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afterglow that the electron temperature and the
distribution temperature could be assumed to be thermal
o
(300 K), the following equation was solved:

rj I (t) + 7] C (t) = [e"(t)] 2
A A
M M

.

(46)

I is the absolute intensity of the atomic Saha emission,
A
C

x

is the count rate for the molecular Saha emission, and

7) and T) are the scaling constants.
A
M

They include the

scaling constant for the spatial distribution functions
and the constants needed to scale the Saha intensities to
ion products.

The coefficient

also includes the factor

for converting the count rate to an absolute intensity.
The method of linear-least-squares curve fitting
was used to fit the points in the interval in which
thermalization was assumed.

The constants'?, and V
A
M

were determined and then used to find the temperature
profile as described below.
Determining the Electron Temperature
Three ways of determining the electron temperature
were used, two of them being used on atomic Saha data
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and one on the molecular Saha data.

Method I.

The Continuum Limit

The expression for atomic Saha intensities can be
smoothed to a continuous function

He(E)

of ionization

energy E, so that

d [ He (E) 3 = fHe(q)] . dE
AE

(47)

q

til
where E is the ionization energy of the q
discrete
q
level and A E = E - E
. The transition probabilities
q
q
q-1
3
A are inversely proportional to q .
q

A
Q

where C

= A(Q,2) = °1 = °1 A E Q
3
2R

is a scaling factor and R
1

constant.

y

The substitution of AE

from considering the limit of

q

AE

(48)

is the Rydberg
-3

for q

follows

for large q.

The

q
measured intensity is

1(2,E) =

.E +
=GJ

AE
A1~
q

"

E

A

E

S

A [He(q)] dE .
"VE
" q

(49)
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G is a geometric factor relating count rates to absolute
intensity and AE^ is the bandwidth of energy seen by the
spectrometer.

Substitution of Eq.

(47) and Eq. (48) into

(49) under the condition t h a t A E < < k T leads to the
s
relation

Eq.

GC„
1(2, E) = Z_l . [He (E) ]
2R

A Es

(50a)

y

For large q, Saha equilibrium exists so that the population depends

exponentially on energy.
9P

1(2,E)
y ~ [He(E)] = C
A E
GC
s
1

Then

-E/kT
e

(50b)

and
C G G
I(2,E) = T 1
A E
2R
s
y

"E/kT
e

(50c)

or substituting for the constant factors,
-E/kT
1(2,E) = C. e
A E

where

(51)

s

includes C a n d

which are independent of

wavelength.
AE

s

is allowed to be a function of E.

lines are measured with A E

= AE

The discrete

; the continuum
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radiation is measured with equal

spacings.
s

Semilogarithmic plots of I(2,E)

AE

versus E can be drawn

s

and the temperature T found as the inverse slope.

For

energies less than the ionization potential U , the
temperature will be the distribution temperature T.

For

energies greater than the ionization limit, the emitted
light corresponds to that emitted by radiative recombination,
H e + + e"

>He(2)+hv

the intensity of which is I(2,E

q

+ E) .

(52)

The slope of

that part of the curve will yield the electron
temperature T .
e
Method II. Ratio of Intensities
A second method of determining the electron
temperature as a function of time consists of forming
the ratio of the intensity of a single line from a state
in Saha equilibrium to the intensity of all the lines
resulting from states above that limit.
lines can be replaced by an integral.

The sum of these
Then

CO

[I(2,q)]"1 f
I (2, E') dE ' = kTg3
E
2R
q
y

(53)
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where the expression in Eq. (50c) has been used in the
integral and 1(2,q) has been written as A (q, 2) [He (q)] .
-E A T
[He(q)] has been written as Ce

<3

and Eq. (48) has

been used to evaluate A(q,2).
In practice the integration is accomplished by
opening the slits on the spectrometer so that ^E
a bandwidth from E

q to the continuum limit.

Method III.

Charge Balance

As mentioned in the section on scaling [He
the scaling coefficients V

and V
A

determined.

covers
s

+

He ],

of Eq. (46) were
M

Once they had been determined, the tempera-

ture could be computed for each time t for which there
was data.
When T and T are not 300°K, the temperature factors
9
q(T,T ) and Q(T,T ) are no longer unity.

The equations

describing these times in the afterglow are
T

A^

q(T,T )
c

+ % °M(t^

= [e~(t)J2 .

(54)

Q(T, T )
e

Although it would be possible to solve the above
equation for both T and T , this was not done.
e

The

results of Method I had indicated that T and T

were the
e
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same.

With this fact, q(T,T ) and Q(T,T ) can be ree
e

written as functions of T

alone.

e

u

Then

/

\

JL (L. - j l )
-3/2

x

q(T) = ( e )
300

k

T

D

-1/2
Q(T) - (. e )
300

q

,

(55a)

(i-JL)

N

k

T

300

6

e

Te

300'

e

and

T

A(t)
q(T)

+

%

C

M(t)
Q(T)

=

[e" (t)]2

(55b)

Newton's method was used to solve the equations.
Let the left-hand side of Eq. (55b) be designated as
—
f(T,t) and let [e (t)]

2
, which is not a function of

temperature, be designated by y(t).

Then a trial value

of T(t) is chosen and f(T,t) is evaluated.

An improved

value for T(t) is then found from
T(t).
> , = T.(t)
T (t) + f(T,t) - y(t)
1+1
1
f'Or.t)

.

(56)

The procedure is reiterated until the difference
in T

and T

is smaller than cnma

--
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the difference in f(T,t) and y(t) is less than a chosen
value.

For programming convenience, the number of

iterations was specified beforehand.

If the solution

failed to converge for some time, t^, a default value
was assigned to T(t^).

Electron Density Measurements
For the preliminary work, the electron density was
measured using a microwave interferometer or bridge.
Measurements of phase shift and attenuation were used
to find the electron density as a function of time.
methods of analysis are quite standard.

The

In summary, the

signal measured when microwaves pass through both the
reference arm and the plasma arm of the interferometer
is S(t).

The attenuation of the microwave power A(t)

due to the presence of the plasma is measured for
microwaves going through the plasma arm alone.

Then

cos 0<t) - a + cos 0 O ) s(t) - 1/2 - 1/2 A(t)
(57)

where 0

o

is the angle for t = 0.

The phase shift 0 is

directly related to the electron density.

The relation

is rather complex and will not be derived here.
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The electron density at 1.86 Torr was measured with
a Fabry-Perot microwave resonator which proved far
superior to the free space interferometer.

The presence

of the plasma changes the resonant frequency of the
cavity.

At a given time t , [e~(t:)] will correspond to a

resonant frequency f(t).

By varying f(t) with time, the

time that resonance occurs can be identified to give a
profile of [e~(t)l with time.
Because of the complexity of a solution to the
problem of a Fabry-Perot cavity containing five regions
of dielectrics, a very simple model was used.

The cavity

has the following regions:

reflector-air-quartz-plasma-quartz-air-reflector

(58)

The large dielectric constant for the quartz means that
previous approaches developed for the reflector-plasmareflector case could not be used.

In the model, the

microwaves were approximated as plane waves and the change
in curvature of the wavefronts resulting from passing
through the various boundaries was ignored.
The resonance condition for the Fabry-Perot is that
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there must be an integral number of half-waves between
the mirrors for resonance.

T-\

n

a,•

<S9>

f " u

1
is the wavelength in region i with index of refraction
n ; and 1 is the length of region i.
i
x

The resonance

condition can be rewritten as

q = 2 S
\

I. n.
1

(60)

1

or as

3 = If S
c

I

n

.

(61)

The perturbation due to the plasma or to a change in the
pressure of a gas is always small, so that the resonant
frequency changes slightly for a change in the index of
refraction of the dielectric in the cell but q remains
the same.

q

=

^

Then the two situations can be described by

+

v

*4-Si ^ °i+*3

•

•

The index of refraction of the quartz and air do not
change, nor does the length of the regions, so that on

<62>
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rearrangement of Eq. (62) and subtraction,

An

-n

-n

--3C_
2^

.

(63)

f2

By measuring the quantities on the right, A n

can be
j

found.
The electron density is related to the index of
refraction by the expression
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n* = (l - Iel.)

(64a)

f2
and

f 2 = fe"le2 = (8979)^[e~] ,
P
/2 € m
4TT
o

(64b)

n. = 1 - (8979)2[e~]
-1
2

(64c)

so that

2r

where f

is equal to the plasma frequency ai

P
2TT.

divided by

P

The other quantities in Eq. (64b) are the charge

on an electron e, the mass of the electron m, and the
permittivity of free space €
o
The reference state is chosen as that of the quiescent
plasma so that n

is the index of refraction of helium at
j

a pressure p and that te ] = 0.

The error in assuminq
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that the refractive index of He is equal to one for
4
pressures less than 760 Torr is 1 part in 10 .

If one

assumes that n j = 1 when [ e~] = 0 , then
A n . = - (8979) 2 fe~1
J
2
2f

-2f2

[e ]

An.

.

(65)

.

(gg)

(8979) 2
Substituting An. from Eq. (63) and letting f be the
3
1
resonant frequency when [ e 1= 0, one obtains
[e" (t:) J

f

2qc

2

(f2 "

(8979) 2 l j
- V

f

f

t

l>

l

2 ( f 2 - fl> .
f

l

The interior length of the cell used in the experiment
was 16.605 cm.

C

is then 44.818.
4

(67)

CHAPTER III

EXPERIMENTAL METHOD
The measurements necessary to determine the
experimental quantities needed to solve the equations of
Chapter II were made on a system consisting of six
general components:

the cell; the gas handling system

with which pressure could be measured; the interferometers
for measuring electron densities; the spectrometers for
measuring light intensity from which electron temperature was inferred; the electronics for creating the
discharge; and, the data collection system.

The system

is shown in block diagram form in Figure 3.
Figure 4 is a diagram of the discharge cell.

The

cell itself and the upper portion of the neck are of
quartz.

The windows are of fused silica so that

spectroscopic observations can be made for wavelengths
o
less than 3000 A.

The transitions from Saha levels can

be observed since transmittance of the fused silica
is 90% to a wavelength of 2000 A.

A series of graded

seals makes the transition from the quartz to the pyrex
connected to the stainless steel flange supplied by
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General Electric.

Because of the large dimensions of the

cell, recombination and de-excitation at the walls are
not expected to significantly influence the afterglow.
In addition, the diameter of the cell (4 inches) is large
enough that the radial dependence of the emission can be
examined.
The electrodes are flat disks of tantalum 2.5 inches
in diameter,

Tantalum was chosen because of its low

sputtering onto the walls under ion bombardment.
Preliminary work at other pressures showed that enough
metal was sputtered from stainless steel electrodes to
form a coating on the walls.

At high pressures the dis-

charge could occur between an electrode and the sputtered
layer rather than between electrodes.

The tantalum

electrodes have been successfully used for 3 years at
both high pressure (44.6 Torr) and low (1.6 Torr,
1.86 Torr) with no visible evidence of sputtering.
The electrode support is sealed to the glass as
shown in the figure.

The reduced distance between the

glass-to-metal seal and the electrode helps prevent the
"striking back" effect sometimes seen at high voltages
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in which arcing to the seal occurs.

This arcing leads

to an unstable discharge and frequently causes pinhole
leaks to form around the seal.
The electrodes are placed as closely as possible to
the wall of the cylinder forming the cell.

Their slight

projection distorts the cylindrical geometry.

This loss

of symmetry could be important if the diffusion equation
were being solved exactly, but the analysis used here is
not affected.
There are two stages of gas handling equipment:
unbakeable lower system and the bakeable upper one.

the
The

upper system is mounted in an oven base on top of the
laboratory table.

The unbakeable system is below the

table, separated from the bakeable one by high-vacuum
valves.

It is used for preliminary evacuation of the

upper system and for setting the reference pressures on
the capacitance manometer and on the T.I. gauge.
The components of the lower system cannot be subjected to temperatures higher than 250°C.

Individual

components can be wrapped with heating tape to increase
the rate of outgassing but the system was not constructed
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so that all portions could be heated simultaneously.
The ultimate pressure in the lower system is therefore
not as low as attainable in the bakeable system.
The upper system is constructed entirely of quartz,
pyrex, and stainless steel components so that it can be
baked at temperatures of 450°C for long periods.

High-

vacuum valves isolate it from the lower system.
Figure 5 is a diagram of the gas handling system.
The circles with crosses represent high-vacuum valves
-9
capable of holding a vacuum to 1 x 10

Torr.

The ones

below the table are bakeable to 250°C, the ones above to
o
500 C.
There are three pumps used on the system.

The

mechanical roughing pump was used for the initial
evacuation.

To prevent contamination of the system by

oil vapors from the pump, the cold trap was filled with
liquid nitrogen when the pump was in use.

When it was

not, the high-vacuum valve was used to isolate it from
the rest of the system.

The GE ion pump is a 15 1/s
-9

pump capable of pumping the system down to 4 x 10

Torr,

The Vacion ion pump above the table pumps at only 8 1/s
-9
but can pump to pressures lower than 10

Torr.
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There are four pressure measuring devices on the
system:

a Wallace and Tiernan gauge with which pressures

to 200 Torr can be measured; a thermocouple gauge with
-3
which pressures down to 10

Torr can be measured; a Texas

Instruments pressure gauge; and, an ionization gauge.
The pressure sensitive component of the Texas
Instruments gauge is a quartz Bourdon tube which rotates
in the direction of a pressure differential.

Light

reflected from a mirror on the Bourdon tube falls on the
silicon solar cells of a bridge.

When the mirror is

rotated from the null position, the imbalance in the bridge
causes current to flow through the microammeter which
serves as the null meter.

A counter simultaneously

indicates the number of degrees of rotation of the mirror.
This rotation is converted to a pressure reading using the
tube constant in Torr/degree supplied for the particular
Bourdon tube.

Pressures can be determined to five

significant figures.
An ionization gauge was used to detect the final
pressure achieved after bakeout.
10 ^

Pressures lower than

Torr can be measured with this gauge.
A capacitance manometer was used as a differential
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pressure indicator for the upper system.

Pressure

differentials as small as 5 x 10 ^ Torr can be detected.
A variable leak valve controlled the rate of flow
-9
of gas into the cell.

Flow rates as low as 10

Torr

liter/sec could be established.
The cataphoresis tube was used to purify the helium
before it was admitted to the cell.

In the earlier work

at 44 Torr, the gas for the experiment had been passed
through permeable gas leaks before undergoing cataphoresis
Preliminary results at 1.63 Torr indicated that the
cataphoresis of high purity helium from a cylinder
yielded results as satisfactory as cataphoresis of the
helium that had passed through the leaks.
The very high temperatures developed during the
cataphoresis discharge can cause the glass of the
positive column to sag if it is not cooled.

Blowing

cool air across the glass did not provide enough cooling
so the positive column was enclosed in a water jacket.
The end of the positive column enters the top of the
anode reservoir.

The anode reservoir is a glass

cylindrical vessel of approximately 2.25 1. capacity
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sealed to a flange mating with the high-vacuum flange
connected to the leak valve.

Gas Handling Techniques
The mechanical roughing pump was used to evacuate
both the upjper and lower systems.

After this pre-

liminary evacuation, the lower system was isolated from
both the upper system and the mechanical pump.
The lower ion pump was started with the valve to
the manifold closed.

After a low pressure had been

obtained between the pump and the valve, the valve was
slowly opened.
lower system.

The ion pump then evacuated the entire
Heating tapes were used on the components

of the lower system so that they were thoroughly outgassed.

When the lower system was pumped to a pressure

of about 2 x 10

—7

Torr at 240°F, the pressure at room
-8

temperature was then about 2 x 10

Torr.

Sections of the upper system were opened sequentially
so that the lower ion pump was not overloaded.

After the

pressure in the upper system was less than 10"^ Torr,
the Vacion ion pump was started.

The cataphoresis tube

was evacuated by both pumps until a pressure of
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- 6

approximately 1 x 10

Torr was attained.

The systems

were then isolated so that the upper system up to the
high-vacuum valve on the cataphoresis tube was pumped
out by the Vacion.

The lower ion pump evacuated the

lower system and the cataphoresis tube by pumping it
through the valve below the table.
The oven was put in place and the bakeout process
started.

The temperature was brought up slowly to

prevent bursts of outgassing with which the pumps might
be unable to cope.

The reference side of the capacitance

manometer must be occasionally evacuated with the
roughing pump to prevent contaminants from the lower
system being baked onto the surfaces of the manometer.
This evacuation can be done without contaminating either
system.
Baking out was continued at a temperature of 450°C
for 24 hours.

The pressure in the upper system at 450°C

at the end of the bakeout period preceding the 1.86 Torr
-7
measurements was 2.3 x 10
Torr as read from the Vacion
ion pump current.

The pressure in the lower system was

-7
2 x 10

Torr.

After cooling to room temperature and

another 36 hours of pumping, the Vacion indicator was

58

off-scale.

The lower system was at 6 x 10~® Torr.

The ionization gauge was then used to measure the
pressure in the upper system.

The pressure before the

1.86 Torr measurements were taken was 2.6 x 10

—9

Torr.

The mechanical pump was then started and helium
allowed to flow to the Wallace and Tiernan gauge.

The

valve to the reference side of the T.I. gauge and all
the valves in the lower manifold were closed while the
flow rate was being established.

After it was set, the

cold trap valve was opened to admit gas to the manifold.
A high pressure —

typically 100-200 Torr —

was

established before shutting off the line to the cold
trap and opening the valve to the cataphoresis tube.
For low pressure work, the latter valve was opened
briefly.

For high pressure work, the valve was left

open long enough for the pressures to equalize.
The helium used was high-purity helium obtained
from the National Burea of Standards.

A typical

cylinder had 2 to 5 parts per million impurity gases.
The National Bureau of Standards analysis of the helium
used for the 1.86 Torr measurements is given in Table I.
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Table I

Analysis of Helium Used
for 1.86 Torr Measurements
Impurity

Parts per Million

H

0.0

CH

0.0
4

HO

1.1

Ne

0.7

N

1.5

2

2
0

0.5

2

Ar

0.0

CC)
2

0.0

Total Impurities

3.8

Before starting the cataphoresis discharge, cold
water was allowed to flow through the water jacket
until the glass was cool.

If the glass began to feel

warm during the discharge, the flow rate of the water
was increased.

A continous DC discharge was run at a

high current, for example, 280 mA.

The emission was

observed both visually and with a hand spectroscope for
impurities.

The impurities, if detectable, would have
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been seen as a discoloration of the discharge at the
cathode end of the positive column.
The desired pressure for the experiment was set on
the reference side of the capacitance manometer using the
Wallace and Tiernan gauge to measure the pressure.

(This

gauge is not very accurate for low pressures because of
its wide range.)
Just before filling the cell the Vacion pump was
isolated.

The leak valve was slowly opened while the

cataphoresis discharge was running and gas allowed to
flow into the cell and the pressure side of the
capacitance manometer until the manometer was re-zeroed.
For moderate leak rates, the discharge was not disturbed
by opening the valve.

As the null was approached the

leak valve was gradually closed.
reached, the cell was isolated.

After the null was
The pressure in the

upper manifold, which is the same as that in the cell,
was then measured by a process of equilibration.
The two lines to the T.I. pressure gauge were
pumped out and the zero set.

The lower manifold was

also completely evacuated before the valve between the
systems was opened.

The pressure equalized between them
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and the resulting pressure, p , was recorded.

Both

manifolds were then evacuated and refilled to a common
pressure, p , before being isolated again.
2

The reference

side of the T.I. gauge was evacuated and the common
pressure determined from the gauge.

The lower system

was then re-evacuated and the pressure allowed to equalize
as before to give a pressure, p_^.

The cycles of

evacuation and equilibration were continued several times,
if possible.
If V, is the volume of the upper manifold and V
1
2
is the volume of the lower, then the cell pressure p is
determined as follows:

pVj .

Pl

p - "l

(V

<vx + v2>

- p3 ( V l + V2>

1+ V
V

"2 • V 1

1

"3

+ V
V

(68)

2

1

P = P2 P 1
p

3

The Discharge
The discharge is formed by a DC pulse between the
electrodes.

The length and magnitude of the pulse were

chosen to give uniform conditions in the afterglow within
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50 |j,s of termination of the pulse.

At 44 Torr, the

discharge pulse uniformly filled the area between the
10
electrodes.

Observations on the 1 Torr discharge

made earlier with a synchronized shutter showed that
uniformity was even more quickly attained at this pressure.
The high voltage pulse generator used provided low
ripple pulses of less than 100 mV, so that heating of
the gas in the afterglow period due to the ripple on the
discharge pulse would not occur.
After the work at 44 Torr"^ was completed, a monitor
was added to the system.

The voltage generator supplies

a monitor voltage which is one-tenth per cent of the
high voltage.

This voltage is used as the control signal

for a voltage-controlled oscillator whose output was
displayed on a frequency counter.

If the voltage varied

more than .5% from the one chosen for the measurement,
the run was stopped and the data rejected.
The repetition rate of the pulse generator can be
controlled either internally or by an external trigger.
For this work, an external trigger was supplied from the
ADAC (see below) for each cycle.

The length of the output

pulse could be continuously varied from 1 |j,s to longer
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than 600

.

The discharge at 44 Torr required 5 KV pulses of
less than 10

s duration.

The discharge at 1.86 Torr was

produced by 2.5 KV pulses of 350 \is duration.
The synchronization of the pulsing will be discussed
below.

Spectroscopic Techniques
The monochromators used for the experiment were .75m
tandem Czerny-Turner monochromators. The gratings were
o
o
blazed at 3000 A on one and at 5000 A on the other so
that a wide spectral range could be covered.

For example,

°

°

observations were possible from 2500 A to 5400 A with
the first monochromator.
The photon emission rate was converted to voltage
pulses using S-13 photomultipliers.

Several procedures

were used to reduce the photomultiplier dark current so
that especially weak signals could be detected.

The high

voltage was applied to the photomultipliers for a minimum
of twenty-four hours before the first use and then left
on for the duration of the measurements.

Covering the

entrance slit when observations were not being made also
reduced the average dark current.
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The monochromator slits are fully adjustable from
lOp, to over 1500 n .

The entrance slit was set to 100 ^

for all measurements so that the same region of the
afterglow was sampled.

The intermediate slit was used

to define the bandpass of the spectrometer.

A narrow

intermediate slit was used when finding and identifying
spectral lines for observation.

o
Usually 1 A resolution
o

was used, but resolutions up to .1 A were obtainable, if
necessary.

After a particular line had been identified,

the slit was set to include all of the desired line by
opening it in small increments and observing the
resulting signal on a strip-chart recorder.

The increases

in intensity were small as the wings of the line were
included.

A plateau was recorded as the slits were

opened further followed by a rapid increase as the wing
of the next line was encountered.

The slit setting used

was that which gave the last noticeable increase before
the plateau was reached.
Very wide exit slits were used so that resolution
occurred in the first section of the monochromator.

The

second section acted as a filter to reduce the scattered
light.
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The optical system was aligned for the 44 Torr work
using a bright lamp and masks to define the light beam.
A small 2 milliwatt helium-ion laser was used to align
the system at 1.86 Torr.

The light beam was more intense

and better defined than that from a lamp, making the
alignment much easier.
The first step in aligning was to ensure that the
center of the cell, the center of the slit, and the center
of the focussing mirror were the same height.

The height

of the spectrometer table could be adjusted as necessary.
Masks with pinholes were then placed on the ends of the
cell to check that the light beam from the laser was at
the proper height and that it was level.

After the laser

was adjusted, the height of the slit and of the focussing
mirror were re-checked.

A flat front-surface mirror

reflected the light from the cell or the laser onto the
front-surface spherical focussing mirror.

Another

mask was used on this mirror to check that the reflected
light beam was striking the center.

The focussing mirror

was then adjusted so that the light beam reflected from
it fell on a pinhole in the center of the mask covering
the slits.

Usually after such an adjustment, the light
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beam reflected from the plane mirror no longer was
exactly centered on the focussing mirror, so it was
necessary to adjust first one mirror and then the other
until the center of the focussing mirror, the center of
the slit, and the center of the cell were all co-linear.
The distance of the focussing mirror from the slit
was set to the experimentally determined focal length
for that mirror.

The focus was then checked using a

diffuse light source held below the center of the cell.
The use of the laser and the masks made alignment
much more reproducible, ensuring that the same area of
the discharge was viewed each time.

Spectroscopic Observations
The lines of the observed molecular spectrum were
identified using a compendium
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of observed wavelengths

and intensities as reported in the literature.

The

3
positions of the molecular bands of the np II
g

> 2s

3

+

£
u

series were calculated for n > 10 using values for the
Rydberg energy level and the rotational constants taken
39
from the literature.

An investigation showed that

individual spectral lines were not resolved for the levels
above n = in

n

~~

- i

n
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intensity of the entire band can be measured rather than
the intensity of a single line.
The members of the series from n = 11 to n = 16 fall
. o

to the long wavelength side of the 2946 A He line.

Even

at 44 Torr this line is far more intense than the bands.
The next of the Rydberg bands that would not be overlapped
o
by the 2946 A line would be n = 19. The intensity had
dropped so low for this value of n that the band was
3
3 +
not separable from the background; the 16p II

9

- 2s 2
u

transition was the last one that could be positively
identified.

A comparison of the intensity of this band

with the integrated light from levels between n = 24 and
the continuum limit showed that the band and the integrated
intensity had the same time dependence, indicating that
3
the 16p II level was in Saha equilibrium.
The measured intensities were obtained as count
rates.

These relative intensities were converted to

absolute intensities by observing the count rate for
emission from a National Bureau of Standards lamp at
the same wavelength.

The incandescent emission from a

heated tungsten ribbon filament was observed through a
quartz window.

The lamp was allowed to warm up and was
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then run at constant current while the calibration was
taken.

Emission can be related to the blackbody curve

for the lamp that is supplied by the Bureau.

The standard

lamp was placed behind the cell for the 44 Torr measurements so that relative calibrations were taken at each
wavelength observed.

An absolute calibration using no

focussing mirror was then necessary.

The physical

arrangement at 1.86 Torr was such that a plane mirror
could be inserted for the calibration without changing
the other optics.

The mirror served to fold the light

path so that the emission from the standard lamp fell on
the slit without intercepting the other mirrors.

This

arrangement was much more convenient.
The procedure for the absolute calibration is
described in Appendix II.
A summary of the features observed at 44 Torr appears
in reference 10.

The time dependencies of molecular

lines, including some not observed at 44 Torr, were
observed at 1.63 Torr and 1.86 Torr.

The time dependence

3
3 +
of members of the 3p II - 2s E
band was compared to
g
u
that of members of the triplet 3d-complex and the triplet
4d-complex.

Figure 6a shows the time dependence of Q(7)
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3
of the 3p II

3 +
3 + 3
- 2s 3D band, R(4) of the 4d £
- 2p II
9
u
u
g
3 +
3
band, and R(6) of 4d II
- 2p S band at 1.86 Torr.
u
9
Figure 6b shows the time dependencies of A(7) of the
3__
3 +
3p II - 2s ^
band which is not in Saha equilibrium and
^
u
3
3 +
the 16p II - 2s II
band which is. The ordinates are
g
u
detected count rates, the abscissas are time-

The

vertical extent of each box is two standard deviations
and the enclosed horizontal line represents the mean
count rate.

The width of the box represents the time

interval during which the count rate was obtained.
To obtain meaningful results at detected count
rates as low as 10

counts/sec, data was collected for

250 000 to 500 000 cycles.
The Data Acquisition System
The data acquisition system consists of several
parts:

the Automatic Data Acquisition and Control System

(ADAC), an on-line computer, the electronics necessary
to condition the signal pulses for the ADAC, and the
system producing the signal.
The ADAC performs the functions of a programmable
multichannel analyzer.

Four sets of time frames are
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available.

The first is the single measurement interval

that includes the discharge pulse.

A monitor pulse is

created at the start of each cycle, which is then used
to trigger the high voltage pulse generator.

The length

of the pulse is set to be slightly longer than the first
frame so that electronic drift, if it occurred during the
weeks necessary for the measurements, could be detected.
The time corresponding to the end of the discharge pulse
can be precisely determined by examining the second frame,
The other three sets of time frames have adjustable
lengths which can be set from 2.5 JJ,S to 1.25 ms for the
second set and from 5 n,s to 2.5 ms for the third and
fourth.

The number of frames in each of the last three

sets can be chosen as needed, up to the limit of 500
frames in all.

The choice of the frames determines the

repetition rates.

Time frames can be chosen to give

good resolution when the intensities are changing
rapidly by choosing small time frames during the early
part of the afterglow and good sensitivity when they are
changing slowly, by choosing longer ones.

All the timing

controls are hardware rather than computer software.
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The framing sequence used at 44 Torr was a first
frame of 8.75 |is, 19 frames at 11.25 |j,s each, 96 frames
at 26.25 |j,s, and 88 frames at .501 ms each.
cycle time was 62.89 ms.

The total

The framing used at 1.86 Torr

was a first frame of 352.5 p-s, 63 frames at 41.25 p.s,
64 frames at .151 ms and 96 frames at .501 ms to give a
total cycle time of 60.61 ms.
The ADAC stores incoming signal pulses in a 16-word
buffer for the on-line computer.

The fast time frames

are too short for the information to go directly into the
computer memory.

Each 16-bit word of the buffer

represents two time frames so that up to 256 counts/frame
can be stored.
The computer is a Hewlett-Packard 2116A with an 8K,
980 p,s memory, and 1.96 \is add time.
incoming cycle is monitored —

The data for the

if it differs by more than

a standard deviation in any time frame from the number
of counts in the previous cycle, the run is halted.
The unprocessed data are the number of counts detected
in each channel.

This information, together with the

framing pattern used, is punched out on paper tape.
The cycle time is set to be long enough that the
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counts in the last few frames should have declined
approximately to the count rate due to photomultiplier
dark current.

In analyzing the data, an appropriate

number of these channels are used as "baseline" channels
The average baseline count rate is the number of counts
in the baseline channels divided by the time interval
represented by these channels.

This average count rate

is subtracted from each frame of the cycle.

The

statistical error in the baseline count rate is
CT

B =>ltotal # of baseline counts
time interval of baseline channels
2

so that the error in the signal is a
S
now random error.

(69)

2
+ cr , which is
B

The error in the baseline can be made

quite small, since typically the baseline channels
comprise at least ten of the longest channels.
The signal-to-noise recovery on this system can be
improved by taking a sufficient number of cycles of data.
Detected photon emission rates as low as 1 0 _ 1 sec" 1 have
been measured with .5 ms resolution.

For good data at

these count rates, 250 000 to 500 000 afterglow cycles
may be necessary.
The pulse counting system is capable of handling
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count rates up to 10 MHz.

Before pulses from the photo-

multiplier are counted, they undergo some preliminary
processing.

First they are amplified by a factor of

four and then input to a discriminator.. The discriminator
puts out a pulse only if the amplitude of the input pulse
is larger than a threshold value.

Each output pulse

from the discriminator triggers a gate generator which
outputs a pulse with a uniform width of 65 ns.

These

pulses are input to the ADAC, where they are collected
in the current time frame.

The pulses were also dis-

played on a frequency counter for convenience.

The gate

on the counter was usually set at 1 s, so that the counts
displayed correspond to the intensity of 16 cycles of .
data.
For accurate results, the electronics should be set
to give a linear response to the photomultiplier pulses,
which means that the number of counts recorded for
various known intensities must be determined.

In

practice, the only possible non-linear part of the
system is the threshold on the discriminator.

If the

threshold is set too low, the number of counts will be
too large since noise from the photomultiplier will be
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counted.

If it is set too high, actual counts will be

rejected and the count rate will be too low.
The linearity check was made with the photomultiplier
voltage set to a given value.

The discriminator threshold

was set to a series of values and response curves
recorded for each.
increased 50 V.

The photomultiplier voltage was then

A response curve was taken for the new

voltage and a previously used threshold setting to see
if the sensitivity had increased.

When an increase in

the photomultiplier voltage led to no increase in
sensitivity, the voltage was left constant.
Optical density filters were placed in front of a
reference lamp to provide known reduction in the amount
of light falling on the spectrometer slits.

A small

incandescent light was used as a reference.

The voltage

to the lamp and thus the intensity was controlled by a
Powerstat.

In order to find the response over a wide

dynamic range, the lamp was placed very close to the
slit.

The optical density filter was mounted in a

clamp in such a way that it could be swung in and out
of the light path reproducibly.
The following procedure was used.

The count rate
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due to the lamp itself was displayed on a frequency
counter and recorded.

The optical density filter was

then swung into place in front of the lamp and a new
count rate was recorded.

The filter was swung back out

of the way and the voltage to the lamp was reduced until
the previous reading was obtained.
The filter was swung back in place and the new
reading recorded.

The set of successive reductions was

repeated until the signal was lost in the noise.
The use of the filter reduces the initial intensity
of the lamp I to xl where x is the transmittance of
o
o
the filter.

For n insertions of the filter carried out

as above, the intensity will be x n i .
o
n

The series of

values of x was computed and a plot was made of the
detected count rate as a function of the values of x11
from n = 0 to the number of insertions.
On most of the determinations made for the
experiment, 11 insertions were made so that the values
of x11 varied over five orders of magnitude.

The

variation in the count rate was generally four orders of
magnitude so that log-log plots were necessary.

Ideally

the slope of such a plot would be one if the response
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were perfectly linear.

In practice, deviations occurred

for large count rates, but it was possible to use
apertures and scaling as discussed below to avoid the
problem.

^

The length of the region of linearity as well as the
slope of the plot is important.

The slopes for the plots

at 1650 V were very similar but the linearity range
varied for the different settings.

Results are given

in Table II.

Table II

Linearity Settings

Threshold
Setting

Slope in
Linear Regions

Deviation
from Unity

Extent of
Linear Region
(10^ Counts/sec)

100 raV

1.004

+ .004

1.0 - 300

225 mV

1.007

+ .007

0.1 - 500

350 mV

0.990

-.010

0 . 2 - 600

600 mV

0.995

.005

0.4 - 400

The 225 mV setting was used for the experimental observations .
Occasionally situations were encountered for which
the count rates were too large to be used, either because
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the rate did not fall in the linear response region or
because more than 256 counts were accumulated in some
of the frames.

For emission from the standard lamp and

other sources, it was necessary to redesign the experiment
since the emission was independent of time.
If the rates of emission from the cell were too
large, the data was taken in two parts.

The count rates

from a number of cycles of data were collected as usual.
Generally the overall count rates fell in the linear
response region of the electronics but the short time
frames in the early part of the afterglow were saturated
at 256 counts.

The run was long enough that the data

was well resolved for later times in the afterglow.
A shorter run was then taken with an adjustable
iris placed in front of the focussing mirror.

The iris

was gradually closed until the count rate fell to a low
enough value that saturation would not occur.

The second

run had to be long enough that the data was well resolved
from early times to approximately 6 ms in the afterglow.
The two sets of data could then be linked together
to give a well resolved curve over all the afterglow.
two runs were made equal at a time for which there was

The
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no saturation and the data points were well resolved.
(Usually this time occurred between 2 and 3 ms.)

The

second curve was multiplied by the scale factor necessary
to make the data equal at the link point and used as the
first portion of the composite curve.

The second portion

of the curve from the link point to the end was the
original count rate from the first run.

Electron Density Measurements
The microwave interferometer was used for measuring
the electron density at 44 Torr.

There were major

drawbacks to its use at 44 Torr and it was not appropriate for use at 1.86 Torr.

The bridge has been

10,40,41
described

before.

The major problems with a microwave bridge even at
high electron densities are the difficulty of setting
the zero-phase shift difference between the two legs of
the interferometer and the difficulty of resetting the
bridge to the null condition between the phase shift
determination and the attenuation determination.

The

bridge must be balanced to better than 1° of phase
shift which is hard to achieve.
„o

. „

. _

Since a phase shift of
^

^

^

81

10

10

-3
cm

, errors in resettability limited the dynamic

range of densities measurable and thus the time over
which a recombination rate coefficient could be
determined.
At 44 Torr, the early electron density was used to
scale the molecular Saha data.

For times less than 3 ms

the error in setting the phase difference between the
two paths had little influence on the measurement.

The

atomic ion concentration was subtracted from the
electron density for each time frame.

The resulting curve

was parallel to the molecular Saha emission curve so a
4*

scale factor for [He

] was found by calculating the
2
proportionality constant. The scaled molecular Saha
emission, which was then equivalent to [He +] , and the
•

2

-

[He ]

2

data were added together to obtain [e ] .

This composite electron density was then used in the
calculations.
The problem of resettability was even more important
at 1.86 Torr where the electron densities and hence the
phase shifts were still smaller.

The resettability

problem would limit the electron densities which could
10
-3
be measured to about 3 x 10
cm
. This would correspond
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to about 7 ms into the afterglow at 1.86 Torr.
A confocal Fabry-Perot microwave interferometer was
constructed to make the measurements at 1 Torr.

The

instrument has no resetting problems and is capable of
6
measuring electron densities as low as 10
design is shown in Figure 7.

-3
cm

.

The

The mirror to the right

can be removed so that the interferometer can be
assembled around the cell.

The quartz tubes are spacers

designed to expand and contract with temperature changes
so that the system would remain aligned.
they were not necessary.

In practice,

The mirrors are spherical

mirrors separated by a distance equal to the radius of
curvature.

The confocal Fabry-Perot is very easy to

align, since the only alignment condition is that the
centers of the mirrors be co-linear.

The empty cavity

proved to be aligned on being assembled and the adjusting
screws were not needed.
The general components of the interferometer
circuit are shown in Figure 8.
The output of a phase-locked backward-wave
oscillator was frequency-doubled so that the microwave
range was 30 to 36 GHz.

The phase locked signal was
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6
stable to 1 part in 10 , so that frequency drift did not
affect the measurements.

The microwaves were coupled

to the mirrors using standard rectangular waveguide
which was flush to the mirrors as indicated in Figure 7.
The transmitted microwave power was detected with a
standard crystal detector whose output voltage, after
amplification, could be used to supply a signal to an
oscilloscope or an x-y recorder.
The resonance pattern of microwave power absorbed
as a function of frequency was obtained by sweeping the
output frequency of the microwave generator through a
desired range.

A voltage proportional to the sweeping

frequency was used as the signal on the x axis and the
detected power measured by the crystal was used for the
signal on the y axis of an x-y recorder.
The undoubled frequency output was displayed on a
frequency counter accurate to 8 figures.
The quartz windows of the cell perturb the cavity
greatly because of their thickness and the high index of
refraction (1.924) of the quartz.

Since most theoretical

treatments deal with small perturbations of the empty
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cavity, several preliminary checks of the method and the
model described in Chapter II were made.

Resonance patterns

with a piece of Plexiglas placed in the cavity were
recorded and the index of refraction of the Plexiglas was
calculated.

A piece of Plexiglas larger than the end plate

was mounted in a clamp centered on a lathe bed.

The thick-

ness of the Plexiglas was .73 cm; the nominal index of
refraction, 1.61.

The Plexiglas could be moved very

precisely either parallel to the cavity axis or rotated.
As long as the Plexiglas extended into the cavity as far
as the far edge .of the mirrors, sidewise motion lead to no
differences in the resonances.

When the Plexiglas was

rotated so it was no longer parallel to the mirror faces,
the resonance patterns became very complex.

Many of the

resonances split into two or more components.

The

Plexiglas was kept parallel to the mirrors for the
remainder of the calibrations.
It was found that many resonances shifted as the
Plexiglas was moved along the cavity axis.

A number

would nearly disappear for certain positions of the
Plexiglas; others would split into several components.
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Some stable resonances which neither split nor
shifted position could be identified.

Scans of the

resonance pattern were taken with the Plexiglas centered
in the cavity parallel to the mirrors.

The Plexiglas

was then moved in 1 cm increments toward either mirror
and a scan of the resonance pattern recorded.
steps were possible in each direction.

Ten such

The index of

refraction of the Plexiglas was calculated using the
simple model.

Peaks that split symmetrically about their

unsplit value and peaks that did not shift were used.
In this case, the index of refraction was determined to
within 10% using the left-hand components and 3% based
on right-hand components.

However, the value was within

3% when the component that stayed constant in position
was used.

Both right-hand and left-hand components of

various resonances contributed to this value.
It was necessary to calibrate the results of the
Fabry-Perot measurements for the situation with two
windows.

A cell with quartz windows the same size as

the original was constructed.

It was mounted on the

same lathe bed as used for the Plexiglas.

Three sets of
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resonances for three positions of the cell are shown in
Figure 9.

Stable resonances were identified as above.

The resonance used for the electron density measurements
is indicated by the arrow.
left was also stable.

The resonance one to the

Figure 10 is a histogram of the

results obtained for the computation of the index of
refraction of the quartz.

The calculated index of

refraction was within 3.5% of the accepted value.
Since the simple model seemed to work for the more
complex situation of two windows inserted in the cavity,
it was retained for the calibration measurements with
CO .
2

This gas was chosen because its index of refraction

shows a large change with pressure.
A stable resonance was chosen for these measurements,
The empty cavity was aligned to give the maximum Q value
for this resonance.

The Q value or quality factor was

approximated by the relation
frequency f
Q =

1
half-width of the resonance at f

.

Q values as high as 37 000 could be obtained for the
empty cavity.
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The cell was then carefully centered between the
mirrors with the windows parallel to the mirror faces.
The output of the crystal detector was displayed on an
oscilloscope which was externally triggered so that the
resonance appeared as an absorption peak.

The cavity

was then aligned for the best Q value at the given
frequency with the cell in position.

The changes in Q

could be seen on the scope.
The presence of the cell severely degraded the Q
value of the cavity.

Typical values were from 3000 to

3500.
The cell was filled with CO

at a given pressure
2

and the resonant frequency determined for that pressure
from an x-y plot.

The value of f

appearing in the

equations used for analysis was taken as the value
corresponding to an evacuated cell and hence n = 1 in
the cell.

The indices of refraction were calculated as

described in Chapter II.

Figure H

shows the results of

several runs taken at different base frequencies f
different days.

on

The dotted line represents the calculated

dependence of the index of refraction of CO^ on pressure
using coefficients for microwave frequencies from the
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42
literature.
these values.
5
in 10 .

The dashed line is an extrapolation of
The inferred values are precise to parts

The values are within 5% of the accepted values.

The actual electron density measurements used one
of the stable resonances.

The procedure of centering

the interferometer very carefully around the cell and
then aligning the cavity was followed.

Time spent in

attaining the highest possible Q value was well spent,
since the limit on the accuracy of the time measurements at early times was the Q value of the cavity.
Measurements of the resonance frequency for the quiescent
gas agreed well with previous results on the CO
that confidence was felt that the CO
would apply.

cell so
2

2

calibration values

The beam width of the Pabry-Perot was

sufficiently small that the electrodes lay outside it
and did not perturb the cavity.
The microwave generator was operated in the phaselocked mode.

The trigger pulse from the ADAC was used

to synchronize the discharge and a dual-trace oscilloscope.

The frequency was first swept manually until

the resonance peak occurred near the beginning of the
cycle.

This frequency was recorded and the frequency
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was then swept to find a resonance near the end of the
cycle.

These broad limits showed that the total

frequency change was between 50 and 60 MHz.

This made

it possible to choose frequency increments intelligently.
Since the electron density concentration in an
afterglow changes with time, which means the index of
refraction for microwaves changes, a given input
frequency satisfies the resonance condition best for a
particular time in the afterglow.

The frequency and the

time at which resonance occurred were recorded.

When

the electron density was decreasing rapidly, the maximum
of the peak was sharp so the times could be very
accurately determined.

For later times in the afterglow,

when the decay was very slow, the exact maximum of the
peak was more difficult to determine.

The apparent

position of the peak and the uncertainties in time
were recorded.

By using the calibrated delay feature

of the scope, it was possible to read times to two
decimal places on any given range of the scope.

When

the time range was changed, readings were made on both
the old range and the new to check for systematic errors.
No corrections were necessary.
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The calibrated delay feature of the oscilloscope
is usually used to display selected portions of a trace on
a more sensitive time scale than the rest of the trace.
The portion to be expanded appears as a bright line or as
a dot if the expansion factor is small.

A vernier

control is used to select the start of the expanded
portion.
screen.

A very bright dot can be made to appear on the
The dot was always much smaller than the peak,

so that the dot could be lined up on the peak and the
time delay read from the calibrated vernier.
The delay vernier would be left at the original
setting while the frequency was manually changed until
a slight but discernible difference in the position of the
dot (which would now be on the shoulder of the new
resonance) and the new peak occurred.
The frequency steps obtained in this manner were
generally 100-200 KHz.

The time ranges used were from

5 ms/cm of scope display to 20

s/cm.

The second channel of the dual trace oscilloscope was
used to display the output of the high voltage power supply
so that instabilities or driftings of the discharge pulse
in time would be noticed.

No such instabilities were ob-
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From the previous measurements, the value of q
corresponding to a given resonance was known.

Since

the resonances were spaced 300 MHz apart, it was easy
to find the appropriate q from the measurements on the
substitute cell.

The resonance pattern for the align-

ment used for the electron density measurements was also
recorded and compared to the trial runs on the substitute
cell.

The length of the cell without windows was

measured and Eq. (67) used to solve for electron
densities.
The times did not correspond to the framing pattern
used for the cell data.

For early times the resolution

was greater than that used for the cell data? for late
times, the width of the peak spanned as much as 3 ms.
To convert to the same framing pattern, the following
scheme was used.

The probability distribution was

assumed to be represented by a triangle for simplicity.
The unnormalized probability of the mean time being correct
was considered to be one, the probability that the ends
of the estimated error bars were correct was considered
to be zero.

The probability of each value was
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multiplied by the value and summed and the sum divided by
the number of values in the interval.
The electron density reframed to the same time
framing used for the spectroscopic observations is shown
in Figure 12.

Measurement of Electron Temperature

Method I.

Continuum Limit

The measurements needed for this method are
intensities as a function of wavelength taken at various
times in the afterglow.

The ADAC triggered a gate

generator which was used to set a delayed gate to
observe a given time in the afterglow.

A coincidence

counter allowed photons to be counted only during the
gate.
o
The wavelength region examined was 2540-2680 A
3

3

which included the lines n P - 2 S for n >

15.

A 400-channel multichannel scaler collected the
photon counts.

The address advance was started at the

start of the spectrometer scan and advanced every 18 s.
o
The dispersion obtained was 10 channels/A. However, it
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Fig. 1 2 — T h e Reframed Electron Density Measured as
a Function of Time at 1.86 Torr.
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was not possible to further increase the dwell time/
channel without sacrificing all resolution since the
spectrometer scan rate used was the minimum one
obtainable.

It was possible to obtain three sets of

measurements spaced at times for which the electron
density decreased by a factor of two.

The next gate

would have been set at a time of 6-8 ms from the end of
the discharge pulse.

By this time, the intensities

were too low for meaningful results with the present
arrangement.
Figure 13 shows the results obtained with the gate
set for the time interval .025 to .825 ms from the end
of the discharge pulse.

The discrete lines of the

3
3
n P - 2 S sequence could only be resolved for n
The spectrometer slits were set for A E

<19.

= .07 kT
s

for the lower curve.

The same region was scanned for

the same time interval with A E

set at .35 kT for the
s

upper curve.
improved.

The signal/noise recovery was greatly

The upper curve of Figure 13 clearly shows

that the detected light from the continuum does not
decay uniformly to the background count rate due to
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photomultiplier dark current.

The broad-band continuum

seen as the high-energy tail of the upper curve is
perhaps due to fluorescence from the quartz windows
caused by vacuum ultraviolet radiation from the active
discharge.

The continuum was found to be relatively

insensitive to wavelength over a wide band of wavelengths.
Accordingly, the measured light from the wavelength
region lying 2 kT above the continuum limit was subtracted
from the region of interest.

The measurements at the

shorter wavelengths were made for the same times as the
data.

Figure 14 shows the high-energy tail of the

continuum.

Very wide slits corresponding to

Ae

= 0.70 kT
s

were used to increase the signal/noise ratio in the tail.
Checks for wavelength dependence at late afterglow
times showed no dependence.
Method II.

Ratio Method

This method of determining the temperature requires
the measurement of the two experimental quantities
appearing on the left in Eq. (53) .

The first is the

intensity of a line emitted from a level with high
principal quantum number q, the second is the integration
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of the intensities in the interval between level q and
the continuum limit.

The integration of intensities

is accomplished by opening the spectrometer slits wide
enough to view the entire interval while making time
resolved scans.
The underlying continuum mentioned above had to be
subtracted from the integrated continuum data and from
3
the single Saha line.
the single line.

3

The 18 P - 2 S line was used for

The members of the series between-

n = 19 and the series limit were integrated.
The limiting factor for the method was the intensity
of the single atomic Saha line.

The absolute intensity

in photons/s for the 18 P transition in the upper curve
is shown in Figure 15.

The lower curve is a measurement

of the time-resolved continuum.

The upper curve was

obtained from 240 000 afterglow cycles.
The extent of the horizontal lines in the figure
represents the uncertainty in time due to the finite
counting interval.

The mean and the mean _+ one

standard deviation are indicated.
extend for two standard deviations.

The vertical bars thus
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Fig. 1 5 — A b s o l u t e Intensity of the 18 P - 2 S
Transition -as a Function of Time at 1.86 Torr. The lower
curve represents the absolute intensity of the underlying
continuum.
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The use of this method resulted in the measurement
of relative temperatures only as a function of time,
since it was difficult to be assured that A E

=

AE

q

.
s

In both the subtraction of the continuum radiation
and the division of the integrated intensity by the
3

.

18 P xntensity, the errors were statistically combined.
The scatter in the means of the values is large at late
times leading to erratic values of the temperature as
calculated from Eq.

(53).

However, the inclusion of

the errors allows one to see that the scattered means
do not indicate any trend because of the large
associated errors.
Method III.

Charge Balance

Method III depends on a good measurement of an
atomic line and a molecular band originating from levels
in Saha equilibrium.
and

The scaling coefficients

77
A

77^. described by Eq. (46) were computed and used to

scale the absolute intensity of the atomic Saha data, I ,
A
and the count rate, C . of the molecular Saha band to
M
the appropriate ion products.

As described previously,

Eq. (55b) was solved by Newton's method

(Eq. (56)) to
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find the temperature profile.
The intensity 1^ that was used was the atomic Saha
3
3
intensity 18 P - 2 S corrected as described m Methods I
3
3 +
and II. The count rate detected for the 16p II - 2s S
g
u
transition was used for C„
M
There was no evidence for an underlying continuum
o
in the region of 2350-2956 A so no corrections were made
to the molecular results.

To obtain the data displayed

in Figure 16, it was necessary to measure 300 000 afterglow cycles.
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CHAPTER IV

DATA ANALYSIS
Error Analysis
The unprocessed data obtained for the spectroscopic
measurements are count rates.as functions of time.
are two sources of uncertainty in the data.

There

The first is

the fact that finite time frames are used to collect the
data so that there is an uncertainty as to the exact
time at which the mean count rate occurred.

The other

uncertainty is expressed as the standard deviation of the
number of counts occurring in a given time frame.

The

statistical errors are determined for the data and
punched on paper tape by the same computer program that
punches the mean count rates determined for each channel.
The other computer programs used to analyze the data
also combine the errors for the calculations according
to standard statistical techniques.
There were two exceptions to this use of error
analysis.

The first was the computed electron density.

The determination of the mean value of electron density
for a given time frame has already been described.
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However, no errors were used for the actual calculation,
since the error in the constants of Eq. (64) can be
neglected.

The sources of error left are the length of

the plasma region and the frequency determination.

The

errors in the frequencies were felt to be unimportant
6
since they represented errors of 1 part in 10 .

The

length of the cell was measured with calipers, and the
thickness of the blanks was known to within 0.1 mm.
The error due to this uncertainty of the dimensions
should be no more than 1%.
The most probable source of error would be due to
the simplicity of the theoretical model.

Since only

an arbitrary error could be assigned, it was better to
recognize that the error was not known.

It was not

expected to exceed 5% over the total range because of the
known precision of the C O c a l i b r a t i o n .
The other exception was in the program used to
calculate the constants

1} and V
of Eq. (55) and the
A
M
resulting temperature profile. Errors were estimated
for the temperature profiles by using different values
for

rj

A

and T)
M

and observing the effect on the profile.
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Similar checks were made on the effect of the choice of
thermalization time on the profile.

Comparison of the

profiles that agreed with those determined by the other
methods leads to an estimated error of 10°K at the upper
end of the profile.

Miscellaneous Techniques
The integration used in the analysis is performed
from a time t to a final time t .
f

It is possible to have

a better idea of the contribution of the function for the
given time t on the integration in this manner.

Because

of the steepness of the curves, integration from time
t

o

to t would have reflected the behavior of only the

first few points.
The plots of two functions of time versus time
give a rough indication of whether the functional
dependencies are the same.
form fractional differences.

A more sensitive t e s t i s to
The two functions are

scaled to be the same at some time at which the data is
still well enough resolved for a meaningful scale factor.
If this factor for S

for instance is k, the fractional
2
difference F is defined as

Ill

F = S 1 " kS 2
S

1

+ kS

-

(70)

2

F will then have values between + 1.

Use of this method

reduces the problem encountered in comparing semilogarithmic plots in which the functions may vary over 7
orders of magnitude.

Determination of Temperature
and Distribution Coefficients
The need for scaling has been discussed in Chapter II
It was attributed to the lack of knowledge of the
spatial average measured by the two kinds of measurements
(spectroscopic and interferometric) and the lack of the
necessary transition probabilities.
The fitting necessary to determine the coefficients
??A and TJ M has been discussed previously as has the
general outline of Newton's method.
iterations allowed was 50.

The number of

The temperature always

converged in less than 17 interations.

The usual

number needed was three or four.
The fit was considered to have converged if
successive values of the temperature differed by less
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6
than 1 part in 10 .

A more stringent limit would have

been inconsistent with the 23-bit floating point
arithmetic.
Linear Regression Fit of Coefficients
Since all the functions entering into Eq. (38) for
the concentration of He

+

as a function of time were
2
available, an attempt was made to do a linear regression
fit for the coefficients C, K , K„, and K of that
3
1
4
equation. The values of ri and r)
determined above were
A
M
used to scale the Saha data I

and C

A

to the respective

M

ion products.
The approach of using standard linear regression
techniques was not successful when all five functions
were being used.

For convenience, new functions were

defined as follows:
f

l(t)

=

|

f

t

tHe

2+]

(1 +

dt

T

f

3(t)

=

f

[He+]dt

t

£ (t

f

F(t) = [He 2 + (t)] - [He 2 + (t f )]

K2 = C • Ef

2 >

4(t)

J

=

E

V '

(71)
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where C

is the detected count rate for an intense
x

molecular line and

is the efficiency factor

determined from the standard lamp calibration at the
same wavelength.

Since E r •
f

C

= I , K f (t) is equal
x
2 2
x

to the first term on the right in Eq. (38).

Then

Eq. (38) can be abbreviated to
F =

+ Kjfj - K 3 £ 3 - K 4 £ 4 .

(72)

The mathematically correct solution for the coefficient
of Eq. (72) was not physically reasonable.

The method

failed because the curves were very similar.
The curves for F(t) and f^(t) have very similar
slopes after 2 ms.

By 2.4 ms, the slopes of f (t) and

f (t) were indistinguishable.
4

The slopes of f (t)
2

and f (t) are also the same within experimental scatter
4
after 14 ms.

Figure 17 shows the dependence of each

of the functions in Eq. (38)on time.

The functions have

been multiplied by various powers of 10 to allow the
slopes to be compared.

for F and f , 10~ 5 for f f 1 0 - 4 for f and 10~ 2 for
4
1
3
f • F, f , and f are in absolute units of cm ^. The
2
1
3
10

7

The multiplicative factors were
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f.x 10

F x 10 3

\ f 2 x 10

f,xlO

10

15

TIME (ms)
Fig. 1 7 — T h e Functions F, f., f ' a n ( ^ ^4
Describing the Reaction Rate of [He 2 +] as a Function of
Time. The units are described in tne text.

115

units for the absolute intensities appearing in f are
4
photons/sec.

The units for f^, which is a detected

count rate, are counts/sec.
mean value as usual.

The error bars enclose the

The length of each box is 2

standard deviations and the width is the extent of the
time frame in which the mean was measured.
It was too difficult to incorporate all the physical
constraints of the situation into a program suitable for
a small computer with limited precision.
already proved to be a probelm.

Precision had

When the regression

matrix was inverted, the inversion was checked by
multiplying the matrix and its inverse and subtracting
2

the identity matrix.

Some elements as large as 10

or

4 .
10

in the check matrix could be shown to have resulted

just from round-off error in the multiplication or
division by very large elements. Even though an
interative procedure was used to improve the inverse
until the check matrix was reduced to all zeroes, the
solution was still not reasonable.

This must have been

due to truncation error in the development of the
regression matrix.

Another approach to finding the
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scaling coefficients was deemed necessary.

The large

magnitude of the off-diagnonal terms indicated that
some of the functions were indeed highly correlated.

A

method of sequential regression was then attempted.

Individual Scaling of Terms
The method of scaling finally used was that of
removing the terms in succession.
(t

in Eq. (71)) was 30.678 ms.

The final time chosen

All the curves, with the

f
+
exception of that for [He 1, were well-defined with
small error bars at this time.

Furthermore, the original

electron density measurements were well-defined up to
this time.

After 35 ms, it was very difficult

experimentally to locate the maximum of the resonance
peak and hence to determine the time corresponding to
the mean of the electron density.
The term with the slowest rate of decay was the
diffusion term f^.

The slopes of F and f

were parallel

after 14 ms.

The next slowest term, f , had dropped
2
by a factor of 200 at 14 ms from its peak value, compared
to a factor of 7 for F and 5 for f . By 20 ms, f was
2
1
down another factor of 10 from its value at 14 ms. The
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function f was still steeper.
4

Its value at 14 msec

-3

was only 10

of the peak value.

The curve for f

presented a problem.

The Saha

"f"
curve used to obtain [He ] had to be corrected as
described in Chapter III.
same value at about 7 ms.

The two curves had nearly the
Subtraction of two such curves

demands extremely precise data since small deviations
in the data could give negative results for some time
frames.

The resulting scatter due to small deviations

obscured the course of the curve.
The relative steepness of the curve indicated that
the contribution from [He + ] should not be important
after 7 ms, since the well-defined portion decayed by
a factor of 100 in 4.5 msec.

Within broad limits, a

drop of another factor of 10 was predicted to occur
between 7.2 and 9 msec, so that this curve would be
unimportant except at the earliest times.

This

indicated that the process of associative ionization
H e + + He + He

> H e 2 + + He

was not important after this time.
The curves f

and F were scaled to be equal at

(73)

118

late times, corresponding to the assumption that the
loss rate at late times was due only to diffusion.

The

steepness of the other curves justified neglecting them
for times greater than 14 msec.
Eq. (72) was then assumed to be reduced to

F = Kx f

The scaling factor K

.

(74)

was determined by dividing F(t)

by f (t) and plotting the result (Figure 18).
1

The

relative constancy of the factor after 14 msec was an
indication that the curves were parallel for times between
14 and 26 ms.

The downward deviation between 26 and 30 ms

occurred because subtracting values close to the end
time for F and integrating from values of t close to
t^ did not affect the curves in exactly the same way.
The next step was to approximate F at an earlier
time as the sum of f, and the next slowest curve f„.
1
2
This was equivalent to only considering the loss terms
and would be inaccurate if it were assumed true over the
whole afterglow period.

Then,
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Determined as a Function
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^

^1^1

^2^2

(75)

F.n = F - K n f
1
n
1 1
The superscript n was the number used to distinguish the
n
coefficients. The function F
is then compared to f X
^
1
Several values of K were used. The values K
=60.0
1
1
2
and K
= 6 2 . 0 were expected to bracket the actual value.
1
3
A value of K
= 6 5 . 0 was also used to observe the effect
1
of using a value that would be 5% to 8% too large.
As expected, the curves for F_^n.had considerably
more error than did that for F.

It was possible, however,

to define a slope over the much smaller time range
3
between 2 and 11 ms. The curve for F^ resulting for
3
K
= 6 5 . 0 was too steep as would be expected from
1
assigning too large a contribution to the diffusion loss
n
n
term. All three curves F obtained for different K
X

values are displayed in Figure 19.

The curves have each

been displaced by a factor of 10 for clarity.
The slope of F^

1

for

1

= 60.0 appeared to match
2

f better than that for the curve F
2
1

Because of the noise in the plots of F

for K
n
1

2

1

=62.0.

a clearcut

121

10*

F1 x ! 0 2

*

.u l

10 - >:>v.

1
^ v ^ F , 2 x 10

10'-

f nL1

10"H
> *
•i '

•i
1
10-'-

• •
'

w

1

1

•

' •> *1

1

n

]n nil fi

MVn
II If"

-2

il

10
0

4

6
TIME

8
(ms)

10

12

14

1 2
3
Fig. 19—The Function F-j^ , F^ , and F 1 as a Function
of Time. The superscript corresponds to the value of
Kj. used in the calculation.
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decision was difficult so both F
calculated.

The plots of F

/f
1

constant

1
/f
1 2

2
/f

and F
1

were
2

(which should be the
2

) showed reasonably constant values in the

interval 2-11 ms with the best definition in the interval
from 2-5 ms.
K

Two values were derived for the constant
n
corresponding to the choice for K
. These may be
1

2
seen in Figure 20.
The values for the constant K
The values corresponding to

varied by 20%.
2

1

showed far less

variation and were more horizontal over the limited
time period so that they seemed preferable on this basis.
Further support for this preference was found after the
source terms f

and f were isolated.
4
3
A new function F was defined. F contained F and
2
2
the loss terms and was equal to the source terms.

F 2 n = F l n - K 2 n f2 - F - K x n

fl

- K / f2 .

(76)

Four combinations of values were calculated to see if
limits could be set to the values of the coefficients.
The four sets were
(77)
S

U " F " K 1 1 £1 " K 2 X f2

S

!2 " F " "l1 fl " K 2 2 f2

123

tjjllp

2

x

'oo

sy.f *

10

''
h- i
Si
I

-I
10

10

-2

.. 2
iw
K.
uI
»I ^
fJliill
-'J

-3
10

-4
10
4

6

8

T I M E

10

14

(ms)

1
Fig. 20—-The Constants K
of Time .
2

12

2
and K

as a Function
2

124

s 2 1 . r - Kx2

fl

- k2x f 2

s 22 = F -

2
Kl

tl

- k22 f 2

The sets S

and S
were negative as required for a
12
11
solution to Eq. (72). The sets S
and S . were positive,
21
22
n
The term in common for each pair of sets was the K
1
term, suggesting that K
= 6 0 . 0 was a more correct

value.

The positive values obtained for S

and S
21

22

corresponded properly to overestimating the diffusion
loss term.
Although not unexpected, it was satisfying to note
that S

had the proper time dependence. The curve S
11
12
was too steep to correspond to either f^ or f^.
Furthermore, the source terms did contribute over the
interval from .4 to 6 ms.

The contribution was small

and dropped off rapidly with f

and f
3

in Figure 17.

as may be seen
4

CHAPTER V

RESULTS
Some of the results obtained in this investigation
of the molecular helium recombination rate coefficient
at 1.86 Torr have already been mentioned in the discussion
of scaling

a .

This chapter summarizes these and others.

Determination of the Electron Temperature
Figure 21 shows the temperatures calculated using
each of the three methods.

The curve consisting of the

very finely spaced points with no error bars is the curve
obtained from fitting the scaling coefficients V ^ and
7} .
M

The broader data blocks represent the temperature
j

profile obtained using the ratio of intensities.

The

three blocks defined by the dotted lines are the results
obtained using the continuum limit method.
Method I.

Continuum Limit

This method has the advantage of determining both
the distribution temperature T and the electron temperature
T , if the spectral range observed extends beyond the
e
continuum limit.

Figure 22 is a semilogrithmic plot of
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the quantity I(2,E)/AE

as a function of energy E for
s

the time interval between .025-.825 ms from the end of
-1
the discharge pulse.
according to Eq. (51).

The slope of the plot is then (kT)
The zero of the energy scale was

chosen arbitrarily as the ionization limit of the
3
3
n P - 2 S series. The blocks are plotted as extending
from E - AE
AE .
s

s

to E so that the width of the blocks is

For the discrete lines,

equal to

AE

as possible.

AE

s

was set as nearly

For these blocks the

q
principal quantum number q appears above each block.

For

the unresolved lines and for energies greater than the
continuum limit, a standard value of A E
-1

was chosen
s

which was on the order of 60 cm
The vertical extent of the block corresponds to two
standard deviations of the quantity I(2,E)/AE .
q

The

height of the enclosed horizontal line represents the
mean of the quantity.
A similar graph, Figure 23, was drawn for the results
obtained during the time interval 2.60 - 4.20 msec.

The

best straight line was drawn through the points on each
graph.

A single line fit the data points above and

below the ionization limit so that T and T

seemed to
e
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Pig. 2 3 — T h e Spectral Intensities of the n 3 P - 2 3 S
Series per Unit Energy Interval of Ionization Potential
of the Upper State as a Function of the Upper State
Energy for the Time Interval 2.6 - 4.2 ms from the End
of the Discharge Pulse.
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have the same value.

o
of 380 K in the

A value for T = T
e

first time interval and of 300 K in the second was consistent with the data.

Errors in the temperature were

estimated by considering the various values obtained for
reasonable slopes through the data.

The height of the

boxes in Figure 21 represents these limits on the error,
but no mean value is indicated.

Method II.

Ratio of Intensities

The method used here led to far better time resolution than did Method I which required integration over
fairly long time intervals in order to obtain sufficiently
good signal/noise ratios.

Method II yielded better time

resolution but the temperatures had greater statistical
error because of the lower intensities available during
the small sampling period.
The quotient indicated in Eq. (53) gave a quantity
directly proportional to T, the distribution temperature.
Without the use of Method I, which indicated that T and
T

were the same, the electron temperature would be
9
unknown.
Eq. (53) demands that I(2,q) be very precisely
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measured, which means that A E s must be equal to

.

q

In practice, it was difficult to be sure that this
condition was satisfied.

Since the results of Method I

were available, the time of thermalization was determined
from Method I, after correcting the time used in Method I
to the usual time base —
pulse.

the beginning of the discharge

The results of Method II, which would be

relative temperatures as a function of time if
A E

^
s

A E , were scaled to be 300°K at the time of
q

thermalization which occurred between 2.6 and 4.2 ms.

Method III.

Charge Balance

As mentioned in Chapter IV, no errors were determined
for the temperature profile determined by fitting the
charge balance equation
measured intensities.

(Eq. (55b)), written in terms of
Approximate errors were determined

by observing the profiles computed for various values
for f) and V
and various time intervals for thermalizaA
M
tion.
One method of checking assumed that the molecular
Saha intensity was proportional to the electron density
at late times in the afterglow and used this proportion-
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ality constant for rj .
M

Three time intervals were used:

6-7 ms, 10-11 ins, and 16-18 ms.

The length of the time

frames during the first two intervals were the same and
the data were well-defined.

The time frames and the

statistical error were much larger by 16 ms so that the
value for this interval did not agree well with the first
19
19
two. The values of 7} were 1.65 x 10 , 1.68 x 10 ,
M
19
and 1.73 x 10
for the three intervals.
These values of T7 were then used to set limits on
M
V

that would be compatible with the temperature profiles

obtained from the first two methods.

The factors Q(T)

and q(T) were computed and upper limits found on the
value of T for a given r\
maintained.

such that charge balance was

In turn, these upper limits were compared

to the profiles found from Methods I and II.

If the

initial temperature was assumed to be greater than 360°K
and less than 500°K, which described the results of
19
Method I, 77

fell between the generous limits of 2 x 10

19
and 4 x 10

.

The computer program was then used to fit

andV^

assuming thermalization over various time intervals.

The
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intervals were systematically considered.

All the

starting times between 2 ms and 5.5 ins were taken in turn
in steps of .5 ms for intervals ranging in length.from
.5 ms up to 4 ms or to an end time of 6 ms.

Of the 20

intervals thus considered, physically unreasonable results
such as negative coefficients occurred for 11.

This was

expected since times too early for thermalization were
included as well as late times with large error.

The

1Q
values of »? varied between the limits 1.2 x 10
and
M
19
iq
2.1 x 10
for all 20 intervals and between 1.26 x 10
and 1.77 x 10

19

when negative

were eliminated.

20

When
i Q

r)A > 10

were rejected, r\ ranged from 1.52 x 10
and
M
19
1.77 x 10 . Thus T7 was not extremely sensitive to
M
the scaling of the atomic Saha data, as might be expected
from a comparison of the slopes of the curves.
When the negative V

and the

V

A

>10

20

were

A

eliminated, the initial temperature was constrained to
be 411°K or less.

The limits on V

A

determined bv
J

Method I allowed only 3 intervals of thermalization.
intervals and the corresponding initial temperatures
are given in Table III.

The'
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Table III

Temperature Profiles for
Different Thermalization Intervals

Time
Interval
(ms)

Initial
Temperature
(°K)

ij
A

ij
M

4-5

411

20
.311809 x 10

.165635 x 10

4.5-6

408

.325652 x 10 2 °

.164499 x 10 2 °

4-6

400

20
.343362 x 10

.164322 x 10

20

20

The range of allowed values for the initial
o
temperature was 11 K, a range of 2.7%.
tj differed by 0.7%.
M

The value for n

M

The values for
defined for the

interval 4-5 ms was selected as the best since the atomic
Saha data was not defined after 5.37 ms.
The checking procedures detailed above confirmed the
supposition that the value of r? estimated from the
M
electron density at times that were late but for which
the molecular Saha data were well—defined was a good
approximation to the

17 from the program.
M

The same

thermalization times would have been selected if it had
been required that

from the program agree with that

from the well-defined late-time data.
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Summary of Results
Each of the three methods contributed to the
resulting temperature profile.

Method I allowed the

time of thermalization to be determined over a large
time interval, and Method II afforded good time resolution of a relative temperature profile.

Method III was

needed in order to determine the scaling factors V and
A
V
and offered the same time resolution as Method II.
M
Method I allowed the relationship of T and T to
e
be determined.

It is almost a necessary prerequisite

to finding the temperatures from spectroscopic data.

It

also allowed estimation of the time for which thermalization occurred.

For work dealing with the molecular

helium ion recombination, the combination of Methods I
and III is probably the most advantageous and convenient,
A combined profile for all the three methods is
shown in Figure 21.

The agreement is very good,

especially since such different methods were used.

The

profile from Method III has a peak value of 411°K at the
end of the discharge pulse and is 300°K between 4 and
5 HIS.

It falls within the error bars of both Methods I
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and II.
Method III is perhaps somewhat more accurate than
Method II since the better-defined and more intense
molecular Saha intensities play the dominant role at
these pressures.

The method should be applicable to

higher pressures where the He + ion is an even smaller
constituent.

Temperature Factors
The temperature factors were evaluated by calculating
©

r

for the ion and for the molecule.

The value

39

of

3
for the 16p EL level is 7.100; the best available
v
g
39
+
estimate
for B (He ) is 7.099. The calculated
v
2

B

effective rotational temperatures are then

He 2 (Q):

= 10.215°K

H e 2 + : © r = 10.214°K

(77)

Both of these are small enough for T > 300°K that
the sum in Eq. (41) could be replaced by the integral
and Eq. (42) could be used.

Therefore each q

replaced by the appropriate T/G^.
+

[He

was

rot
In Chapter II,

"""

] [e ] was written as a function of T , T, and T .
2
g
e
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Substituting T = 300°K and T = T allows the temperature
9
e
factor expression Q(T,T e ) to be evaluated as in Eq. (45).

Time Dependence of Light Intensities
The intensities of the various lines measured were
compared using the method of fractional differences.
Figure 24 presents a typical example of the results
of using Eq. (70).
+

R(4) of the 4d"^C

The curves being compared are
- 2p^n

u

• 5
4d S
u

+
-

3
2p II

g

band and R(6) of the
9

band.

These curves appear as the second

and third curves from the top in Figure 6a.

The

fractional differences were calculated using Eq. (70).
The scale factor was calculated to make the curves
equal at 6 ms.
The fractional deviation displayed in Figure 24 was
never larger than 1% even at very late times.

For the

times between 2 ms and 8 ms, it was less than 2%.

The

scatter around zero was symmetric so that the curves
could be considered parallel.

The deviations for times

between the end of the discharge pulse and 1 ms
correspond to the time during which the intensity was
increasing to the peak value.

The curves were steep
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5

10
T I M E (ms)

Fig. 24—Fractional Deviation of the Two Curves R|4)
of the 4d 3 £ u + - 2p3EL Band and R(6) of the 4d
- 2p U g
Band as a Function of Time.
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enough here that very small errors in determining the
scale factor became important.
Similar determinations of fractional deviations
between other pairs of curves at both 1.63 and 1.86 Torr
showed that the curves were parallel to within 2% over
5 ms.

The technique of scaling the emission of a

single bright line to the total molecular emission was
expected to give good results.

The Recombination Rate Coefficient
The method and results of the scaling have been
discussed in Chapter IV.

The value of the scaling factor

used corresponded to the choice of K

=60.0.

The
-12

corresponding value for

was then 3.01 x 10

Using Eqs. (17) and (37), the recombination rate
coefficient a can be expressed as
C I
a =
r
•
[He2+][e ]

(78)

where I is the intensity of a single strong molecular
x
line.
+
[ H H

The scale factor V
from Eq. (55b) allows
*
e ] to be expressed in terms of the count rate for

a molecular Saha band, C , as
M
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[He,+)le"] - V j £ i
2
Q(T)

•

(79)

Then ex can be; expressed as

a -

C

y

( I )

•

(80)

% cm^
Futhermore K

was defined as C E , where E is the
2
f
f
efficiency factor that converts the count rate C to an
absolute intensity I .
x

Now a

can be expressed as

„ • *2 C x ( t )

(81)

[He2+][e"l

=

KjQCT) Cx(t>

% CM(t)
The recombination rate coefficient was determined
o
using the detected count rate for Q(7) of the 4650 A
3
3 +
+
~
band (3p II - 2s J ) as Cx . [He ] [e ] was determined
g
u
2
3_
3 t* +
by scaling the intensity of the 16p

II

- 2s

9
(C^) as described previously.

^

band

u

Q(T) does not show an

explicit time dependence, but it is also a function of
time since T(t) was calculated for each time frame.
It is usual to present plots of a as a function of
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the electron density.

The complete expression for a

when neutral-stabilized recombination and radiative
recombination are included and the contributions are
assumed to be additive is

a = a3 + a4 + a1

(82)

= k,j[ e~] + k4[He] +
in terms of Eq. (26) and the paragraph following.
Radiative recombination is expected to be unimportant
o
at temperatures less than 500 K.

The theoretical rate

coefficient tt for such temperatures is less than
-12
3
5 x 10

cm /s and is therefore usually ignored.

If

neutral stabilization were unimportant, a log-log plot
of a as a function of electron density would be a
straight line with unit slope.
Figure 25 shows a plot of a as a function of electron
density.

[e ] is plotted as abcissa,

a as ordinate.

As

before, the error bars represent 2 standard deviations.
They were calculated by combining the errors in C (t)
x
and CM(t) appropriately. As discussed elsewhere, no
error bars were used for the electron density nor for the
temperature profile from which Q(T) was calculated.
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I

w

ELECTRON DENSITY (cm" )
Pig. 2 5 — T h e Molecular Recombination Rate
at 1.86 Torr as a Function of Electron Density,
source terms and temperature were used to scale

M«
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The calculated values of a

begin to scatter at

-9
-3
[ e ] = 6 x 10
cm
which corresponds to a time of
19.65 ms.

The dependence of log a

on log [e~]

is reason10

"i

cm" J

ably linear for electron densities less than 5.8 x 10
This range of electron densities corresponds to times
greater than 3 ms.
Since the slope of the graph is not unity, a
obviously cannot be approximated well by a

= k

[e~],
3

The slope over the interval between 3 ms and 30 ms is
.814.

The temperature T

less than 310 K.

for this time interval was

Assuming that the electron temperature

was essentially thermalized for 3 ms or else considering
times greater than 4 ms, the dependence of
electron density is then
a - 1.42 x 10

where

[ e ]

-is

- -814

[e ]

ot on the

3

cm /sec

(83)

-3
is in cm

It might be noted that changes in the value of K
2
would not change the slope of the plot of

<x as a function

of electron density, but the multiplicative factor in
Eq. (83) would change.

If the K

value of 2.578 x 10~"L2
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were used, which corresponds to a value for K

of 61.0,
1

-18

the multiplicative factor would become 1.60 x 10
these two K

.If

values are used as bounds, then the factor
2

varies by 11%.
Since a does not depend on electron density to the
first power, stabilization by neutral He atoms probably
occurs during the recombination.

A comparison with a

theoretical calculation of the dependence of a

on

electron density for a thermalized plasma in which
2 2

stabilization by both electrons and neutrals occurs
showed that the experimental results agreed well with
theory over the common range of parameters.

The slope

of the best straight line in the region of electron
9
-3
10
-3
density between 6 x 10 cm
and 6 x 10
cm
was
predicted to be .812 for a neutral particle density of
10

particles/cm

3

which is a pressure of 2.72 Torr.

22

The comparison was made only to show that the experimentally determined electron density dependence is reasonable
since the theoretical curve begins to show slight
10

curvature at an electron density of 10

-3

cm

The above dependence on electron density is the
experimentally determined one.

For the sake of
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comparison, the experimental dependence was analyzed
in terms of the polynomial expansion used by Berlande
23
jet a^.

(see also Eq. (82)).

linear plot of a

The curvature in the

as a function of electron density is

clearly visible, so that the relationships are more
complex than those represented by Eq. (82).

The effect

of other parameters on the simple model was examined
in order to compare the prediction based on the model
with reality.
Another process not previously considered is the
two-body recombination process:
He2+ + e"

&2
>

He2 .

The recombination rate coefficient
depend on either

(84)

obviously does not

electron density or pressure, so that

the contribution of

a

to the total recombination rate
2

coefficient a

will be constant if <x

is regarded as the

sum of rate coefficients for the contributing processes
as in Eq. (82).

Since [He] is essentially equal to the

pressure for weakly ionized plasmas, the term k [He] in
4
Eq. (82) would also be constant. Representing a. as the
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sum of those terms constant at a given pressure, a ,
P
and the terms dependent on electron density, one obtains

a -

+ <*3 + k 3 [e ] + k^ [He]

(85)

ot = of + k„[e ] .
P
J

The value of a

was plotted against the electron
9

density for electron densities between 6 x 10
1 0 - 3
6 x 10
cm
.

-3
cm

and

The slope of the best straight line

through the curve was k

and the intercept a
3

.

Lower

P

values of the electron density were not included because
of the scatter in

a

.

The following values were determined:
a

= 7-5 x 10 ^

cnfVs ,

P

(86)

k 3 = 1.375 x 10"20 cm6/s .

The value for k

agreed favorably with those determined
3

23

by Berlande et al.
100.5 Torr.
/

for pressures of 10.8, 41.4, and

Their experimentally determined value was

x

( 2 + 0 . 7 ) x 10

~

2

0

6

cm /s.

The value of

a is less than
P
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-10

their value of a which was 5 x 10
3

3

cm /s.

As will

be discussed below, the agreement is probably fortuitous
It should be reiterated that the experimentally
determined dependence is represented by Eq. (83), and
that Eq. (82) is a very simplified model.
Dependence of the Molecular
Recombination Rate Coefficient on Source Terms
The results cited in Chapter IV indicated that
source terms contributed to [He + ] at least over the
2
time interval from .4 to 6 ms.

It was informative to

compare the results obtained by considering neither
source terms nor temperature effects with the results
for which one or both were included.
The inclusion or exclusion of source terms would
only change the size of the scaling constant K

which
2

related the intensity of a single strong line to the
total molecular intensity.

The relative position of the

curves on log-log paper would be changed for different
scaling factors but the slope naturally would be
unaffected.

This is illustrated in Figure 26.

Figure 26 is a plot of K C /C as a function of
5 x M
electron density using a source-free value for K .
5

The

148

illi

tr 10
10'"

10"

,
3

10'

ELECTRON DENSITY ( cm" )
Fig. 2 6 — T h e Molecular Recombination Rate Coefficient
as a Function of Electron Density Scaled Without Considering
Source Terms or Temperature Effects.
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only time-dependent term appearing in the function
K C Q(T)/n C plotted in Figure 25 that does not appear
2 x
'MM
in K C /C is Q(T).
5 x M

The effect of the source terms was

separated from that of temperature by considering times
for which thermalization had occurred since Q(T) was
then one and the slopes of the curves would be the same.
The curves in Figures 25 and 26 have the same
slope after 3 ms.

The temperature at 3 ms obtained by

Method III was 308°K so that thermalization was essentially
complete by this time.
definitely 300°K.

By 4 ms, the temperature was

The differences in the curves after

3 or 4 ms were then due to differences in the scaling
factors.
The source-free scale factor K

in Figure 26 was
5

obtained by integrating the continuity equation for
electrons assuming that there were no source terms.

The

loss rate for electrons was then assumed due only to
recombination and diffusion.

The expression used for

the rate was
die"]
dt

= -C^[He2+][e"]

- X2

-aA[He+][e"]

[He+] .
P

- X2(Dmp)[He2+l
p

(87)
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where

a

M

and

aA

are the molecular and atomic recombina-

tion rate coefficients and D
m

and D are the molecular
a

and atomic ambipolar diffusion coefficients.

In the first

attempt at scaling, the molecular Saha intensity was
scaled to be equal to [e~]

between 6 and 8 ms.

The
36
value of ot at this pressure had been determined.
A
For late times in the afterglow, the loss rate was assumed
due only to diffusion of [He + ] so that the slope of the
2 D p

curve would then by X

m

^

.

The diffusion term for the
P
atomic ion was evaluated using the relation given by
43
Gerber et al.

:

Dm

= 10.4
16.6

(88)
-12

The scale factor obtained was 1.74 x 10

.

This value

is only 58% of the value found above when temperature
effects and sources were included.
An attempt was made to find a scale factor which
included a source term for interconversion of the ions
but neglected any temperature effects.

The continuity

equation used was
-d[tteg ] = k2 Cx + X2 Pm
dt
p

[He2+] + 0 p2[He+]

(89)
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where

jS is the rate coefficient for the reaction

H e + + He + He

H e 2 + + He .

(90)

The pressure p in Torr has been substituted for [He] in
Eq. (89).

The diffusion constant obtained from the

slope was corrected to reflect the fact that this portion
of the decay curve is related to the diffusion of both
ions.
The values of f$ are not well determined so the
calculation was carried out for three values of
75,100 and 125.

The values in the literature

range from 62 to 180.
The resulting function K ^(t) was not constant until
after 4 ms.

Since the temperature profile had been

measured, the increase in K (t) between the end of the

6
discharge pulse and 4 ms could be understood in terms
of the temperature decrease which was being neglected in
this particular simplification.
The values obtained for K (t) after 4 ms are given
6
in Table IV. The final column gives the ratio of K (t)
6
found by this method to the one found by considering
temperature effects and source terms.
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Table IV

Ratio of Scale Factors Calculated
With and Without Source Terms
ft
£

K>- (t)
6

75

5.80 x 10

fr

K,(t)/K
2

-12

1.94
-12

100

8.50 x 10

2.83

125

1.45 x 10~ 1 2

3.83

The apparent effect of neglecting both sources and
temperature effects was to underestimate the scaling
constant by a factor of two.

The inclusion of source

terms and the exclusion of temperature effects led to
overestimating the scaling constant by a factor of 2 to
4.

Dependence of the Recombination
Rate Coefficient on Temperature
The dependence of oc on the electron temperature
was investigated by examining the plot of the recombination rate coefficient as a function of electron density
at times before thermalization and by trying to
calculate the temperature dependence.
A very striking difference in the curves in Figure 25
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and Figure 26 was noticed for electron densities greater
10
than 5.5 x 10
than 3 ms.

-3
cm

which corresponded to times less

This difference could be attributed to

temperature.

The curve in Figure 25 is
a •

1W
C

%

Vt)

(81)

M(t)

and that in Figure 26
a - K3 C x ( t ) .

(91)

(t

°M >
The only time-dependent term appearing in Eq. (81) but
not in Eq. (91) is Q(T).

The curve in Figure 26 is much

steeper over the electron density range corresponding
to times from .354 ms to 4 ms.

The flat section of the

curve occurring before the decrease of of as [ e I
increases is much smaller in extent than in Figure 25
and corresponds to the time interval from .519 - .643 ms.
In contrast, the curve in Figure 25 never rises to a
flat plateau.

The decrease in

a

as [ e ] increases

begins at .766 ms rather than at .478 ms as in Figure 26.
The pronounced difference in the curves was better
understood when the curves for C and for
M
were examined.

The curves C

and C
x

[ He + ] [e
2

have been shown
M

]
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in Figure 6b.

The curve for C

is much steeper than that
x
for C so that a plot of the quotient C /C would be
M
x m
expected to be steep also.
dependence of

Figure 27 shows the time

4*
"
H e ] and of C

[He
2

comparison.

together for
M

The plot has only been extended to 14 ms

since the curves are parallel for Q(T) = 1.
+

for the [He

—

The ordinate

—6

] [e ] curve is. in units of cm

.

The values

2

3

3 +
for the 16p II - 2s £
curve represent detected
. .
.9
intensities m counts/s. The curve for [He ] [e ]
2
is much steeper than that for C for times before 4 ms,
M
so that division by this steeper curve is expected to
produce a flatter quotient in Eq. (91).
It was noted that the steepness of the curve in
Figure 26 for times between .354 ms and 2 ms offset
the decreased scale factor so that the values of a were
approximately the same for Figure 25 and Figure 26
between 1.4 and 2 ms.

For times earlier than 1.4 ms, the

uncorrected curve actually lay higher.
The effect of temperature on the recombination rate
coefficient is quite complex.
maximum for a

as a function of

The appearance of a
[e] is unusual, but such

44

maxima have been predicted.

The theory was developed
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Fig. 27—Comparison of the Dependence of the Molecular
Saha Intensity and the H e 2 + Concentration on Time.
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for the recombination of a single ion and predicts that
the thermal economy of the afterglow will be very
sensitive to values of the rate coefficients for neutral
stabilization KN(p,q) and for electron stabilization
K(p,q), and to the lifetimes of the metastable species
in the particular afterglow under consideration.

No

detailed comparison with theory was attempted since in
the afterglow considered here, two ions are recombining
rather than one and the values of the individual rate
coefficients are not well known.

Qualitatively, the

theoretical maximum is predicted to occur for values
of a

between 10

—9

and 10

—8

3
cm /sec and the values

presented are in this range.
Isothermal theory suggests that the recombination
rate coefficient for electron stabilization should have
a dependence on electron temperature of T
dependence of

-4.5
e

.

The

a on temperature was investigated by

plotting a

as a function of reduced temperature.

Figure 28,

a/[ e ] has been plotted against (T^/300) ^

for convenience.

In

The temperature profile used was that

determined from the Saha intensities (Method III).
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A*'-

- 4

(Te/300)
Fig. 2 8 — T h e Temperature Dependence of a/le"] .
function has been plotted against (T e /300)~ 4 for
convenience.

The
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The form of the temperature dependence is rather
peculiar.
a

If one assumes the functional dependence for

given in Eq. (85), the division by [ e ] means that

the plotted function is

+

_QL_ =
[e-]

[e ]

NJ *

(92)

If a were approximately zero, the plotted function
P
would show the dependence of k on temperature. Obviously
3
the dependence is not a simple one.
Figure 29 shows a plot of the quantity

fa

'V

- k3

(93)

J

[e-]

-4
as a function of (Te /300)

.

that found above (Eq. (86)).
the dependence o f a / t e ] * 8 1 4

The value used for

d was
P

The plot in Figure 30 shows
on

temperature.

All three plots have the form of a well-defined
curve.

Two lines were empirically drawn through each

curve, one fitting the well-resolved data corresponding
-4
to values of (T /300)
greater than .45, the other
e
fitting the earlier portion.

It was possible to fit all

the points except the lowest on one of the two curves.
In each case, the two lines crossed at a value of
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/**

•

(Te/3P0)
Pig. 2 9 — T h e Temperature Dependence of ( a - 01 /[e~]
P
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10

*

2
CO
V-1
-20
<u 10

10

(Te/300)
Fig. 3 0 — T h e Temperature Dependence of « /te~] * 8 1 4
is equivalent to the temperature dependence of k .
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-4
(T /300)
e

occurring between .725 and .761 ms.

These early regions showed a dependence on tempera-x
ture proportional to (T /300)
e
7.5.

where x was between 5 and

The values obtained were the following:

Table V

Temperature Dependence
for Times Less Than .766 ms

Function
a/[e"]

,r

a/[e ]

.814

(a - ap)/[e ]

Possible Slopes

Values
of X

1.255

5.02

1.613

6.45

1.347

5.39

1.592

6.37

1.904

7.60

1.429

5.71

1.605

6.42

1.837

7.34

Best Values
of X
5.02

5.39

5.71

The various values for the slopes were included to
illustrate the difficulty of finding the best straight
line through the scattered points

The values for the

possible slopes represent the range of slopes of lines
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that could reasonably be put through the data.

The best

value represents that of the best straight line through
the data.

The value of x can be considered to lie

between 5 and 6.
A tentative explanation offered for the very steep
early portions of the curves was based on the observation
that events occurring at .725 ms follow the discharge
pulse by only .37 ms.

The intensities of the various

molecular lines were increasing from the end of the
discharge pulse to a time of approximately .7 ms and did
not begin to decrease until .8 ms.

The processes of

formation were dominating those of recombination until
.8 ms and the energy balance was expected to be quite
complex.
The less steep straight lines through the points in
Figures 28-30 whose abcissae were greater than .45 had
slopes between .479 and .736 so that the resulting
temperature dependence was (T /300)"~x, where x was
e
between 1.91 and 2.94.

The reduced scatter in the data

made it far easier to define a good straight line as
reflected in the reduced scatter both of the values
for each function and the values for the first and

163

third function.

Table VI is similar to Table V.

Table VI

Temperature Dependence
for Times Greater Than .766 ms
Values
Function
a/[e~]

„ /r

a/[e ]

.814

(a - ap)/[e ]

Best Values

Possible Slopes

of X

of X

.732

2.92

2.56

.640

2.56

.479

1.91

.552

2.20

.689

2.74

.736

2.94

o 666

2.66

1.91

2.74

The actual values of the slopes themselves were not
as important as the qualitative conclusions that could
be drawn.

From the fact that the slopes for both a/[e

]

and (a - a )/[e~] were approximately the same, the
P
inclusion or exclusion of a in the simple model did not
P
*
drastically alter the temperature dependence.

The

conclusion was drawn that the dependence of the recombination rate coefficients

a and k

on temperature was as
3
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-x
(T /300)
with x between 2.56 and 2.74.
e
Since ( a - ot )/[e ] is equal to k in the simple
P
3
model, the dependence of k on temperature would be the
3
following:
- 2 Ik

-20

k 3 = (1.37 x 10

) (T/300) ' * .

(94)

Since it was shown above that the slope of the
curve for which temperature effects (Figure 25) were
ignored was the same as that in Figure 22 for times after
thermalization occurred, the complicated dependence of a
_ .814
on [e ] for earlier times was approximated as [ e ]
for the time interval from 2 to 3 ms.
a

Using this model,

can be expressed as
a = ke[e ] "81^

where k

(95)

is an effective rate coefficient independent
e

of [e ] but not necessarily of other experimental
.
parameters.

_ .814

The plot of a /[ e ]

then indicates the

temperature dependence of the effective rate coefficient
and allows a

to be parameterized in terms of both

electron density dependence and electron temperature
dependence in terms of this model over this time interval,
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From Figure 30, k
(T /300)
e

-1.91

is proportional to T /300 as
e
6
(This temperature dependence is smaller

.

than that of k^.

Another straight line fitting the points

between 1.5 and 3 ms corresponds to the expression
_

#

545

a = A[e ]*

and leads to an even smaller temperature

dependence.)

The constant of proportionality was found
-20

to be 2.175 x 10

k

e

so that

= (2.175 X lo" 20 ) (T / 3 0 0 ) " 1 ' 9 1 .
e

Then the empirical dependence of

(96)

a on experimental

parameters, from Eq. (95) and Eq. (96) is

a=

(2.175 x 1 0 ~ 2 ° ) ( T e / 3 0 0 ) - 1 ' 9 1 [e~] * 8 1 4 .

(97)

for the time interval between 2 and 3 ms and for this
model of electron density dependence.

Dependence of the Recombination
Rate Coefficient on Pressure
The effect of source terms and temperature on or
have been considered.
the dependence of a

It was interesting to compare

on electron density at the two

pressures measured, 44.58 Torr and 1.86 Torr.

The two
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+
pressures represented a low pressure region for which He
was expected to dominate and a high pressure region for
which He

+

was expected to dominate.
2
It was possible to use Method II to determine a

temperature profile for the 44 Torr observations.
3

The

3

intensity of the atomic transition 18 P - 2 S was measured
and the integration of intensities was carried out for
n > 19.

Eq. (53) was used to find a relative temperature

profile.

The temperature decreased very quickly from a

maximum of 465°K to a constant value which was assumed
o
to be 300 K.

Thermalization occurred between 1.0 and

1.3 ms.
The temperature profile was deduced after the
calculation of the molecular recombination rate coefficient
had been made.

In comparing results at these two

pressures, it was necessary to limit the comparison to
times later than 1 ms.
At 44 Torr, source terms were not included in
determining the scale factor
C

relating the count rate

of a bright line to the total molecular emission.
x
This omission will change the value for the scale factor
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but will not affect the dependence of a

on electron

density.
The curve in Figure 1 represents

a as a function

of electron density for the total range of electron
densities measured.
11

than 2.2 x 10

The electron densities were less

-3

cm

for times greater than 1 ms,
11

less than 1.87 x 10

-3
cm

for times greater than 1.3 ms.

One might suppose that the earlier data for times
greater than 1 ms would be even more flat if temperature
effects were considered.
Obviously the dependence of

a on electron density

at the higher pressure was extremely small.

The empiri-

cally discovered relationship considering all the
10
experimental points was
oe = 2.8 X 1 0 " 1 1

[e~r185

cm3/s

.

(98)

11
When the points for [e ] greater than 1.87 x 10

-3
cm

were not considered, the slope was estimated at .140,
leading to the relation
Of = C [e

] *1<4° c m 3 / s

.

This slope is not necessarily more accurate than the

(99)
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first one since it was more difficult to determine the
slope at the lower electron densities corresponding to
times greater than 1 ms.
It was not possible to set up the simple model
of separating

a

into k

and

as before since the

scale factor C would depend on the scaling factor
to scale C .
x

In turn, the value of K

used

was not
2

necessarily related in a simple manner to the one found
at 1.86 Torr.
The qualitative conclusion was that pressure is
an important parameter and that the relationship of a
to the electron density is strongly pressure dependent.
At 1.86 Torr, the recombination was stabilized largely,
but not exclusively, by electrons, since
linearly dependent on te ] .

a

is not

At a higher pressure, the

flatness of the curve representing

a as a function of

electron density (Figure 1) indicated that the electrons
play only a small role in the stabilization.

This implies

that stabilization by neutral third bodies is important.
Returning briefly to the simple model of oc as the
sum of the rate coefficients for the related processes
of recombination, the contribution of k

[e ] and of
3
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a for different electron densities at 1.86 Torr is
P
given in Table VII.

Table VII
Contribution to a from the Terms ce and
k [e~" ] at Low Pressure (1.86 Tor?)
3
[e~]

k

[e ]

k [e 1 /a
3
P

3
10

10

6

X

10

5

X

10

2

X

10

1

X

10

6

X

10

5

X

io 9

6.87

.92

2

X

10 9

2.75

.34

8.25 x 10
10

11.00

6.87

9.16

2.75

3.40

1.38

1.84

10
10
9
8.25 x 10

For the simple model,

-9

1.10

cannot be ignored even
P
at the highest densities for which a can be represented
.814
as C[e]*
.
necessity

(If

a

ot could be ignored, then of
P

oc would be linearly proportional to the

electron density.)
An explicit representation in terms of the simple
model was not used at 44.58 Torr.

However, from the

flatness of the curve in Figure 1, the model would
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predict that

0^ was more important than ^ t e ] .

the contribution to

Since

«

from a is pressure independent,
P
3
the increased importance of a would imply an increased
P
importance of the term k^[He], which would simply mean
that neutral stabilization became more important than

electron stabilization.
Comparison of the Recombination Rate
Coefficient for Atomic and Molecular Ions
The increased importance of neutral stabilization
seems quite reasonable.

It was found, however, that

the dependence of the recombination rate coefficient for
the atomic and molecular ions on electron density was
not the same at the two pressures.

The Bates, Kingston,

5
and McWhirter theory

postulates that all singly charged

ions recombine in the same manner since the highly
excited levels (the Saha levels) should be essentially
hydrogenic in character. Therefore, it has usually
been assumed that the recombination of the two ions
+
-f
He

and He

would be the same. This is not the case.
2
Neutral stabilization is not important at high

pressures such as 44 Torr for He

+

recombination

36

Instead the recombination rate coefficient for He

.
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depends on the first power of the electron density at
1.86 Torr and 44.58 Torr so that both two-body recombination and neutrally stabilized recombination are
unimportant.

At the higher pressure, the neutral

stabilization reduces the recombination rate coefficient,
perhaps due to the increasing importance of associative
ionization processes.
Figure 31 shows the recombination rate coefficients
for the atomic ion at the two pressures 1.86 Torr
and 44.58 Torr.

Each was measured on the same system

under the same experimental conditions as the molecular
recombination rate coefficient measured at that pressure.
The atomic recombination rate coefficients at both
pressures depends on the first power of the electron
density.

The coefficient

is an order of magnitude

larger than the corresponding molecular coefficient
a

at 1.86 Torr.
M
Comparison with Other Experiments
23
Berlande ejt aJL_.

studied the dependence of the

electron density on time at three pressures.
concentrations of He

+

2

and e

The

were assumed equal at all
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times and the constants appearing in the continuity
equation for electrons ( a

and k ) were determined by
P

3

computer fits of the equation.

d[e"l =
dt

D

V2 [e"] - a

3

P

The equation used was

[He (> + ][e~] - k 3 [e ] [ H e 2 + ] [ e ]

(100)

Neither sources nor temperature effects were considered.
When their value of k

was compared to that obtained
3

here, the agreement was probably fortuitous since the
simple model was inadequate for the present results.
value of a

The

obtained for their results would be too low

since source terms and temperature were neglected.

The

resulting slope of the linear plot of 0£ as a function
of electron density would be increased by this factor,
changing their values for k

and tt .
3
P
31
In recent work, Johnson and Gerardo
discuss

the importance of source terms and indicate that the
effective recombination rate coefficient determined when
sources are ignored will be too low by a factor of
4.5 to 7.5.

Their results for pressures between 10 and

50 Torr substantiate the observation that the coefficients
determined when source terms and temperature effects are
ignored will be too low.

However, the factors quoted
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above are expected to be too large due to the overestimation of the coefficient resulting when temperature
effects are not measured.

Johnson and Gerardo assumed

no electron temperature changes occurred, but did not
check the assumption experimentally.

The results of the

work at 1.86 Torr predicted an over-estimation of

a by

a factor of 2 to 4 times the correct value when temperature is neglected.

The predicted change between the

recombination rate coefficients calculated for both
source terms and temperature and coefficients corrected
for source terms but not temperature is then a factor of
4 to 8, which spans the range given by Johnson and
Gerardo.
Comparison with earlier experiments at low pressures
was not easy since the contribution of the molecular ion
to the afterglow was frequently ignored.

In others,

only diffusion loss was considered so that the
recombination was not measured.

Stafford et al.
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reported results for the atomic ion under the conditions
T

e

o
13
_3
« 2000 K, [e ] « 2 x 10
cm
and pressures of

.2 - .6 Torr.

Lower limits were set on the molecular

recombination as a function of T

greater than 1000°K.
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For T

o
= 1000 K, the experimental lower limit was

= T
e

g

lO" 1 1 cm"* "Vs.

CHAPTER VI

SUMMARY AND CONCLUSIONS
The measurement of the molecular helium recombination
rate reported here is significant, first, because it is
the only measurement of the molecular recombination rate
coefficient at low pressure and, second, because it is a
measurement of a rate coefficient in which the experimental dependence on all the parameters mentioned in Chapter I
was measured without the need of assuming the form of
the dependence.
The important parameters are

1) the neutral gas

pressure in the discharge, 2) the types of ions present,
3) the electron temperature, 4) the inclusion of source
terms as well as loss terms.

The effect of the last

three factors was determined at 1.86 Torr.

A comparison

with the results obtained at 44.58 Torr was made to
observe the effect of pressure.
The recombination of molecular helium ions at
1.86 Torr has been shown to be more important than formerly
believed.

The recombination rate coefficient for

molecular ions was less than the atomic one by about a
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factor of ten, but the much faster loss rate of atomic
ions meant that molecular recombination and diffusion
dominated the later part of the afterglow.

This

difference in loss rates meant that the electron density
decay become approximately equal to that of R e * even at
low pressures such at 1.86 Torr, so that the common
approximation made at low pressure, [ He + ] = te ], was a
poor one.

Conversely, since the recombination rate

coefficient for He

has a stronger dependence on electron
4*

density at all pressures than the coefficient for He^ *
atomic recombination cannot be ignored even at high
pressures, as has been commonly done.
The simple theory of recombination is not presently
capable of explaining the experimental results obtained
4*

for He^ .

The theory predicts the same behavior for

all singly charged ionic species recombining under the same
experimental conditions.
did not bear this out.

The present results in helium
First, the experimental dependence

of the atomic recombination rate coefficient on electron
density was linear at 1.86 Torr.

At this pressure, the

following experimental results were obtained:
a^ = (7.1 x 10
(Te/300)
[e ] cm^/sec

(101)
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ot = (1.42 x 10" 1 8 ) [ e " ] " 8 1 4 cm 3 /s for Tg = 300°K .
The molecular recombination rate coefficient depended
on electron density in a quite complex manner at both
pressures, especially when compared with the linear
dependence of the atomic ion at 1.86 Torr.

The dependence

varied with pressure in a manner indicating that electron
stabilization became less important at higher pressures
and suggesting that neutral stabilization dominated the
recombination.

This process did not seem important for

the atomic ion.
The simple theory also incorrectly predicts that
both the atomic and molecular recombination rate coefficients will have the same dependence on temperature.

The

theoretical dependence of a purely radiative recombination
rate coefficient is (T /300)
e

-7/2

, that of a collisional
-9/2

radiative recombination rate coefficient is (T /300)
e
The experimentally measured dependence of a

at 1.86 Torr
A

agreed well with prediction, but that for a

was
M

surprisingly small and in complete disagreement with that
for Q^.

The temperature dependence observed during the

early part of the afterglow was also far larger than
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theory predicts.

The theory fails to explain both the

observed dependence and the difference of the dependence
in the atomic and molecular cases.
Undoubtedly, the processes actually occurring during
the molecular helium recombination are more complex than
formerly thought.

The very simplified model in which the

recombination rate coefficient is represented as the sum
of the rate coefficients of the processes making up the
recombination is inadequate to explain the experimental
results.

In particular, an incorrect temperature

dependence is predicted from the model.
The electron temperature proved to be an important
parameter.

The inclusion of temperature altered the

dependence of the recombination rate coefficient on
electron density.

Neglect of the effect changed the ion

concentrations calculated from the Saha intensities and
caused an over-estimation of the recombination rate
coefficient at all times for which the electron and
distribution temperatures were greater than 300°K.
The source terms could not be neglected as has
frequently been done.

When source terms were not included.
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the calculated recombination rate coefficients were
erroneously low.

When they were included but temperature

effects were not, the recombination rate coefficients
obtained were too large.
The theory of recombination seems to adequately
describe the recombination of the atomic helium ion, but
is incapable of adequately explaining the experimental
results obtained in the more complex case of the molecular
helium ion.

APPENDIX I

DERIVATION OF THE SAHA EQUATION
For sufficiently high energy levels of principal
quantum number q, local thermal equilibrium may be
assumed to exist between the free electrons and ions
and the neutral species.

For a molecule X(q), the

equilibrium is
X(,) « = > X+-+ e \

(1)

From the equilibrium condition that the change in the
chemical potential ^ is zero, one finds

"*<q>

=

+

"x

*e

(2)

•

The chemical potential for a species i may be expressed
as

- "kT

ln

(3)
N

i

where q^ is the partition function for the species i and
N

is the number of molecules of i.

Substituting

i
Eq. (3) in Eq. (2) leads to the equations
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+
ln

=

l n

N .N
x(q)

N

x(q)

+
N +
x

In q
!§.
N
e

(4)

_ \(q)

N + N
x
e

q + q„
x
e

In terms of concentrations

fX(g)1

(q

=

[X+][e~]

x(g) / v )

« K(T) .

(5)

(q„+/v) (q /v)

K(T) is the equilibrium constant and is a function only
of temperature.

The partition function, q, can now be

written in terms of the component partition functions

^ ~ ^rot q vib '"trans ^el ®

^trans

, (2«»1W\W v
\—r
/

(7)

h
-E./kT

qei =

where m

e

.

(8)

is the mass of species i. V is the volume of
i

the system, E

is the energy of state i, and g
i

is the
i
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degeneracy of state i.
Substituting Eqs. (6), (7), and (8) into Eq. (4),
one obtains
,tn3/2

/0

_LxialL_

=

( f ^ I )

[X + ][e"]

-E , ./kT
x(,)

e

gK(q) *r<,t(x«»

q

vib(x<q))

hZ
+

I.T\3/2 /O

x { (

2TTm

x

k T

)

(

h2
+
g
5
x

g

i,T\3/2

2TTm

e

kT

)

"E + / k T
e

"E

/kT

^

X

h2

e

q

rot

(X + ) q . . ( X ^ V 1
vib
)

The rotational and vibrational partition functions are
identically one for an electron.

Since the mass of X +

and the mass of X are very nearly the same, those factors
can be cancelled, leaving

, X1

.

(Znm^klV372

[X + ][e"]

(
e

-E*(q) + C

+ E

e"> / k I

h2

%lb<x("»

8,
8

x+

8

e~

"rot (X+) "vib <X+)

(10)

184

If the zero of energy is taken as the ionization potential
-f"""
of X(q), E
x

and E

will be zero.

E

e

will be the
x

ionization potential of X(q) written as U .
q

If species

X is an atom, one obtains the classical Saha equation:
/9i-rm lrT\~3^2
rx(q)1

=

2jm k

(

e

+

)

x

2

[X ] [ e ]

+

o
e

|Uj/kT
I ql

.

(11)

+
g
g
Av Go

ti
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A modification has recently been proposed
equation.

to this

The translational energy of the electron will

be a function of the electron temperature T , but the
e
electronic energy will be a function of the distribution
temperature T of the heavy particles.
T < T < T
g -

-

e

.

(12)

The usual expression for the partition functions of
a symmetric diatomic molecule is

»

qrot »

£
j=0

-F (J)hc/kT

(2J + 1)
2

e.

V

(13)

and

»

«vtb-

E

„

v=0

-G (v)hc/kT
e

<14>
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where v is the vibrational quantum number, J is the
rotational quantum number, F (J) is the energy of the
J

th

V
th
rotational state and G(v) is the energy of the v

vibrational state of the anharmonic oscillator.

G(v)

32

is generally expressed

(v + 1/2 ) 2 + toy

G (v) = 60 (v + 1/2) - to x
6

G

as

G

(v + 1/2 ) 3 +

...

G 6

As is generally the case, ^ is large enough that the
e
second term and the following ones can be neglected in the
sum in Eq. 14, which is equivalent to saying that almost
all the ions and molecules are in the zeroth vibrational
state.

The other approach, that the constants in G(v) are
+
almost identical for He (Q) and He
so that the vibra2
2
tional partition functions will cancel, is true but not
quite as - illuminating as considering the population
distribution.
The sum in Eq. (13) can be approximated by an integral
. _ ^ (J) he .
if _v
xs much smaller than T. The rotational
K
energy expression can be written as
F (J) = B J(J + 1) - D J 2 (J + l) 2 + H J 3 (J + l) 3 + ...

where B , D , and H are the rotational constants.
v
v
v
the helium molecule and ion, B

(15)

For

is much larger than D
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so that the approximation, F (J) = B J(J + 1), is a good
v
v
3
-1
one. For a specific example, for 16p
,
= 7.1 cm
;
9
-4
-l
D = 5.2 x 10
cm
. For J = 12, the contribution of
v
the D

term is less than 10%.
v

When the energy F (J) is much smaller than kT, the
v
sum can be written to an excellent approximation as an
integral.

It is customary to define a "characteristic

temperature for rotation, 0

as
r

6

r

= Bhc

(17)

T

and compare this to the temperature being considered.

If

F (J) can be written as B J(J + 1), the integral can be
v
v
easily evaluated and

"rot

=

£- *
r

US)

The population of an individual vibrationalrotational-electronic level, He(q,J,v), can be found by
the usual procedure
-G(v)hc/kT

[He2(q,J,v)] _
" V "

(2J + n

-F (J)hc/kT

(19)

_

e

q
0
^vxb ^rot

APPENDIX II

CALIBRATION AGAINST A STANDARD LAMP
A standard lamp with a tungsten ribbon filament and
quartz viewing window, traceable to the National Bureau
of Standards, was used to find the calibration factor
needed to convert the count rates detected for emission
from the cell into absolute intensities.
An adjustable autotransformer circuit was used to
supply the current to the lamp.

A large transformer

between the autotransformer and the line voltage reduced
transients so that the current supplied was steady.

(It

47
has been shown

that the current must be stable to better

than .3% for reproducible results.)

As the lamp warmed

up, the current dropped and had to be manually reset to
the operating current of 30 A for which the lamp was
calibrated.

After 20 minutes, the current drop was

usually slow enough that the current was relatively
stable during a 5 minute calibration run.

To standardize

results, the same warm-up period and number of cycles
per calibration run were used each time.
The lamp is furnished with a blackbody calibration
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curve given in terms of steradiancy for a given wavelength,
o
The wavelengths given are at 100 A intervals between
o

o

2600 A and 6000 A.

From the steradiancy and the given

wavelengths, the blackbody coefficients were computed?
then the steradiancy at any wavelength could be calculated.
The term necessary for converting the steradiancy
o
o
into emissivity over the interval 3636 A to 7500 A was
also calculated.
length X

The term for the correction at a wave-

was of the form
/ c \ .2664
E(X) = (_5)
3636 < X < 7500°K .
X
X '

M)
o

It was approximately one for wavelengths less than 3600 A.
Using the factors determined from the curve, the
formula for the irradiancy of the lamp became
C
N(X) = E(X) \
x4

-V*
e

(2)

2
where N(x) is in photon/(mm

-nm-steradian-sec).

It was

then necessary to multiply N(X) by the appropriate factors
to find the number of photons arriving at the photomultiplier.
N(x) is in terms of unit steradians so that one of
the factors needed was the amount of light intercepted
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in the solid angle defined by the area of the entrance
slit or the photomultiplier, whichever was smaller, and
the distance between the lamp and the slit.

The height

of the entrance slit was 20 mm, the height of the photosensitive area on the photomultiplier cathode 10 mm, so
the height of the photocathode was the determining factor.
The entrance slit width used for the calibrations was
kept constant at 100p,

for convenience.

Letting d

represent the distance from the slit to the lamp, h
represent the limiting height, w the limiting width and
A^

the limiting area,
A

,

a) = _i
2
d
= hw

(3)
(steradians) .

,2
w then remained constant for any set of calibrations for
c
which the lamp was not moved.
N(A) also represents the number of photons per
2
second emitted from 1 mm

of the filament over 1 nm of

wavelength interval so that it was also necessary to
multiply N (X) by both the area of the filament, A
, in
fil

2
mm

and the wavelength interval in nm passed by the

instrument.

This wavelength interval

AX

was determined
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from the dispersion of the instrument D and the width
of the intermediate slit, w .
i
A X = D w i (ran) .

Then

(4)

, defined by

= E(A) N(X) A f i l D w. coc

(5)

was the number of photons per second falling on the slit.
The efficiency R in photons/count of the photomultiplier
and spectrometer at the wavelength X used for the
calibration was determined by dividing

at that

wavelength by the number of counts/s detected, C
X c
R

• VCXe

(6

»

The count rate C^(t) corresponding to emission from
the cell at the same wavelength
to an intensity

X could then be corrected

&Y multiplication by R.

A

particular time t 1 was chosen for which the statistical
error in C^(t') was still small.

Although the earliest

portion of the curve was extremely well-defined, the time
was also chosen such that C (t) had begun to decrease
A

from its maximum value, since small errors in choosing
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C^(t') when C^(t) was changing rapidly with time could lead
to a large overall error in determining the isotropic
intensity E^(t) emitted at the wavelength X.

It was more

convenient to find the scaling factor E^(t')/C^(t') at
a single time t' and then use this factor to scale the
function

c

^(t) than to find the necessary constants for

each time t and calculate the correction for each time.
The intensity, I (t*) = C (t*) R, from the volume of
A

A

the plasma being sampled, was emitted into a solid angle
defined by the optics.

In order to find the population

of the upper level involved in the emission from the
emitted intensity, it was necessary to calculate the
isotropic intensity E (t1) from that detected for the
A
given solid angle I^(t') and to express the isotropic
intensity in terms of the intensity emitted from a unit
volume of the plasma.
An equation analogous to Eq. (5) was used.

The

intensity I^(t') detected in the limiting solid angle
of the optics

is proportional to the total intensity

emitted isotropically in the ratio of W

to 4TT.

Then

X/

it is only necessary to divide by the volume of plasma
sampled (V) to find the desired quantity E^.
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E x ( t " ) = 4rr
W

(6)

A

= 4TT

C. (t1) R 1

There were two candidates for

u>. :

the solid angle

At

w
defined by the external focussing mirror and the
sm
distance

SL from the entrance slit to the mirror, and
sm

the solid angle to defined by the spectrometer grating
s
and the distance f from the slit to the internal focussing mirror.

The two solid angles are respectively
A

A

<"i» - - a l

where A

">s • •=*

<?>

f
s m

is the area of the focussing mirror and A
m

9

is the area of the spectrometer grating.

For the

measurements reported here, the quantities in Eq. (7) had
the following values:
A

2

m

= 45.2 cm ; A

?

g

= 110 cm ; 1

sm

= 6 2 . 5 cm; f = 75 cm .

For these values, the solid angle defined by

<j0
was
sm

the limiting angle oo. .
The volume from which the light falling on the
entrance slit is emitted was taken as a rectangular
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prism through the cell 10 mm in height and .1 nun wide.
These dimensions represented the height of the photomultiplier cathode which was the limiting height in
Eq. (3) and the entrance slit width w.

In effect, the

emitting volume is a volume the length of the plasma with
an area equal to

of Eq. (3).

length of the plasma
the cell.

For low pressures, the

I was taken as the inside length of

At higher pressures, the plasma filled the

area between the electrodes rather than the entire cell,
so that a length of 16.605 cm was used at 1.86 Torr and
a length of 6.35 cm at 44 Torr.
Then E^(t') is given by
,.N _ 4TT C.(t') R
E, ( f )
hw I

(8)

The length used became important when comparing
electron densities to intensities, since the length would
cancel from any ratio of intensities.

For the atomic

data, this might have led to a source of error if the
length was incorrectly chosen, but the procedure used
here in the charge balance method

(see Chapter II) would

absorb any corrections to the length in the scaling
constants

r? and
A

V...
M
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The calibration measurement to find C.

was

generally taken after a standard warm-up period but it
proved necessary to devise a more precise determination
of C
for other work in which the small differences
Xc
between the experimental curves were extremely important.
The difficulty arose from the constant drop in
intensity as the lamp heated up, so that C

depended
Xc

on experimental conditions with the result that
calibrations taken at different times were not always
comparable.

As a test, the lamp was turned on and the

count rate for a given wavelength noted on a frequency
counter every 5 minutes for 3 hours.

The current was

adjusted to remain at 30 A and checked at least every
5 minutes.

The count rate decreased steadily from
5
5
1.368 x 10 counts/s to 1.300 x 10 counts/s with no
sign of a plateau.

The change was most rapid during the

first hour in which the drop was from 1.368 x 10 5 counts/s
5
to 1.322 x 10

counts/s. The change in the second hour
5
5
was from 1.322 x 10 counts/s to 1.313 x 10 counts/s.
Since prolonged heating did not lead to thermal
equilibrium, a set of calibration points were measured.
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Runs of 5000 cycles each lasting approximately 5 minutes
o
were taken for points spaced 50 A apart over the interval
o

o

2900 A to 5200 A.

The lamp was allowed to warm up for

135 minutes before the first of the set of runs.

Since

the lamp emission changed less than 1% in the 5 minute
intervals after the warm-up period, the change between
intervals was expected to be small.

The counts collected

for each run of 5000 cycles were plotted as a function of
the wavelength.

A well-defined smooth curve resulted,

from which detected count rates for a given wavelength
could be easily interpolated.

The curve gave a relative

measure of the efficiency of the photomultiplierspectrometer arrangement for a given alignment.
3

3

For each atomic spectral series such as n P - 2 S
a set of calibrations was made.

A reference wavelength

for each series X

was chosen, and 5000 cycle runs were
r
taken of each wavelength appearing in the series
alternating with 5000 cycle runs at X . A typical
r
sequence was C (x ) ,
r 1

C(x ), C ( xrJ , C(X ),
l
2
2

C(X ) .
r n

The variation between each pair of runs due to thermal
change was very small, so that ratios C(X.)/C(X ) should
i
r i
have been relatively independent of the total time the
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standard lamp had been on.
Before each spectral series was measured, the lamp
was allowed to warm up 23 minutes and a calibration
C(X ) at the fundamental wavelength X. was made.
f
f

This

wavelength was chosen for convenience to be in the middle
of the photomultiplier response range; 4000 A was used.
After the entire series had been measured, the lamp was
turned on again for 23 minutes.

Since a spectral series

took 6 hours or longer to measure, the lamp had had time
to cool again to room temperature.

By using the same

reference value X^ for all measurements and by checking
before and after a series of runs, it was possible to
detect alignment errors and other changes in the system.
The calibration count rate C
at a wavelength was
Xc
then obtained from the relationship

C

Xc
" C<x£)
A

(

c w
) (C(Xr>)
C(Xr)/
C(Xf)

<9>

where the second term on the right was determined from
the 5 minute calibration runs for C(X) and the C ( X )
r
immediately following.
from the curve.

The third term was interpolated

The advantage of the method is that the

errors in the second term should be small because of
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the method of measurement.

All terms in the same series

will have the same C(X ) and C(X ) so that the calibrar
f
tion factors

for a series will be relatively-

independent of possible changes in the operating
conditions of the lamp.

In particular, when the count

rates for two curves in the same series are scaled to
absolute intensities using Eqs. (7) and (9) and the
intensities subtracted, the relative error in the
subtraction will be small.

For the work for which this

sequence of calibration was developed, it was more
important to have small relative error in the curves
than to have small absolute error.
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