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PREFACE 

This thesis describes a method of determining the 

recombination rate coefficient experimentally, which does 

not depend on a. specific model of the recombination pro-

cess. With this method established, results are presented 

for the recombination rate coefficient measurements at 

4*1.6 Torr. It is anticipated that as a result of this meth-

od, the recombination rate coefficient can be determined 

at various pressures and electron densities, and the effects 

of the various constituent processes of recombination and 

reionization on the recombination rate coefficient studied. 

Of particular interest will be the determination of the ef-

fect of neutrally assisted recombination at high pressures. 

Although this has been theoretically predicted, it is yet 

to be experimentally observed. 

The author would like to acknowledge the guidance, ad-

vice and many helpful discussions generously given to the 

author by his research professor, Dr. C. B. Collins, of the 

Southwest Center for Advanced Studies. The Southwest Cen-

ter for Advanced Studies has provided the author with all 

necessary equipment and a conducive atmosphere for research, 

for which the author is grateful. 

Finally, the author wishes to express his gratitude 
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CHAPTER I 

INTRODUCTION 

The study of Ion-electron recombination was first be-

gun by Thomson and Rutherford in the late nineteenth century. 

Prom that time to the present, it has been an area of fun-

damental study in atomic physics. 

Only recently has an understanding of the basic con-

stituent processes involved in this phenomena been developed 

and models constructed to represent the recombination. How-

ever, because of the difficulties involved in making Inde-

pendent measurements of all of the parameters of the total 

recombination process, most of the measurements involve use 

of the models dictated by the processes. Naturally, the 

accuracy of such measurements is limited by the accuracy of 

the models used. 

This paper describes a technique for a nearly model-

independent measurement of the rate coefficient for recom-

bination, and provides an unbiased representation of the 

re c ombinatIon. 

Helium provides a natural medium for the study of the 

recombination of ions and electrons. Its structure, sur-

passed in simplicity only by hydrogen, presents a simple 

spectrum for analysis. Unlike hydrogen, helium's lowest 



energy state is that of an atom, rather than a molecule, 

and it does not react to form stable molecules. For these 

reasons, it was chosen as the demonstration medium for the 

technique described in this paper. 

Being the inverse of ionization, ion-electron recom-

bination is an exothermic reaction and can be best observed 

in an energetically isolated system. For this reason, the 

afterglow period of a plasma discharge is the optimum time 

to observe the ion-electron recombination. In this period 

there are no external energy sources which result in ioni-

zation. Any ionization which does occur during this period 

must be from internal sources and be a part of the recom-

bination process. 

A brief description of the recombination processes in 

the helium afterglow, along with the definitions of the 

pertinent parameters of the afterglow, can be found in Chap-

ter II. Recent measurements of the recombination rate co-

efficient of helium are cited ana reviewed in Chapter III. 

In Chapter IV, the concept of this experiment is described, 

and the assumptions to be used in interpreting it are jus-

tified. The experimental techniques and apparatus utilized 

during the course of this experiment are described in Chap-

ter V. 

To test the merit of this method of measurement, the 

recombination rate coefficient as a function of electron 

density was determined for a pressure of ^4.6 Torr. The 



result of this measurewent is found in Chapter VI. Con-

clusions regarding the use of this new measurement tech-

nique, and its relevance in determining the importance of 

one type of recombination, those which are neutrally sta-

bilized, are discussed in Chapter VII. Calibration tech-

niques utilized to determine absolute intensities of the 

individual spectroscopic observations are discussed in 

Appendix A. 



CHAPTER IT 

THE; HELIUM AFTERGLOW 

A plasma may be created by imposition of an electric 

field on a region containing neutral atoms and/or mole-

cules, thereby ionizing a significant fraction of them. 

Although helium is normally monatomic, after an electric 

field is discharged through the gas and ionization has 

occurred, helium molecular ions, as well as helium atom-

ic ions, are formed. The molecular ions are formed by 

the three-body reaction, where X is the third body, 

He++He+X •+ He*+X, (1) 

which is very probable during the afterglow, especially at 

high neutral particle densities. Here, for the purpose of 

discussion, an arbitrary differentiation between high- and 

low-density plasmas will be made at a pressure of 3 Torr. 

Both types of ions are subject to recombination, and 

after recombination, can relax to metastatic states. The 

metastable states, in the case of the atomic ion, have very 

low probabilities of radiative transitions to the ground 

state] and in the case of the- molecular ion, a bound lower-

state does not exist. Both atomic and molecular metasta-

bles must depend primarily on collisions which absorb 

enough energy to place them in the atomic ground state or 



excite them to a state which has an open radiative channel 

to the ground state. At high pressures, significant con-

centrations of metastables are formed and collisions of the 

metastables with themselves, and other constituents of the 

plasma, become very probable. These collisions not only 

provide a means of relaxing the metastables to the atomic 

ground state, but can have the opposite effect. If ener-

getic enough, the collisions can cause reionization. Thus, 

during the afterglow, a source of reionization can be cre-

ated as a byproduct of recombination. 

Unless a plasma is completely uniform, so that no den-

sity gradient exists, the ions and electrons diffuse from 

the regions of high density to a lower density region. Be-

cause of the electric forces which exist between the charges, 

they do not diffuse at their individual rates. Schottky1 

has shown the electrons and ions to diffuse at the same 

rate, even though they have different mobilities, K, and 

diffusion coefficients, D. He found the diffusion of both 

could be described by a common diffusion coefficient, 

D = (D+K""+D~K+)/(K++K~) , (2) 
ct 

where the + and - superscripts refer to the positive and 

negative ions, respectively. 

The process of recombination starts as the first ions 

are formed and continues throughout the maturity of the 

afterglow. Generally it can be subdivided into two groups, 

those which are electron stabilized and those which are 



neutrally stabilized. Bates, Kingston, and McWhirter2, and 

Hinnov and Hirschberg3 have developed the collisional radi-

ative theory based on the model described by 

He++e+e -»• He(p)+e. (3) 

The atom is subsequently relaxed by the process, 

Hes(p)+e -> He*(q)+e for p>q, (4) 

which dominates for high principal quantum numbers, p and 

q, and by 

He*(p) -* He*(q)+hv for p>q, (5) 

which dominates for low quantum numbers. In the above pro-

cesses, the asterisk denotes an excited state. Process (5) 

describes the case where the energy of the relaxation of 

the atom is given off in the form of a photon of energy 

equal to hv. Here h is Plank's constant and v is the fre-

quency of radiation. 

Bates and Khare1* have also considered the model of re-

combination, 

He++e+He He*(p)+He, (6) 

which has in addition to the processes of relaxation (5) 

and (6), also the process, 

He*(p)+He -> He*(q)+He for p>q. (7) 

Collins5 has theoretically treated processes (3) and 

(6), and has shown the dominance of process (6) at high 

neutral densities and low electron densities. An experi-

mental verification of this dependence has not yet been 

observed. 
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Molecular helium is believed to recombine6 in a fash-

ion similar to the collisional radiative atomic recombin-

ation model. 

The importance of sources of ionization in the after-

glow has only recently been experimentally observed75 8. 

Collins and Hurt7' 8 have extended the observation period 

of an afterglow from a few hundred ysec to 50 msec. The 

data resulting from this extended observation period indi-

cated an important late time source of ionization. This 

source was shown to be compatible with the reaction, 

2He2(2
3E*) He++3He+e. (8) 

In addition to this reionization source, two other pro-

posed sources are the Hornbeck-Molnar process9, 

He*+He ->• Het+e, (9) 

and the process of electron attachment10, 

He+e -> He" +hv. (10) 

Electron attachment in helium is very improbable, due to 

the inert character of the atom, and can be ignored, but 

•the other two processes can form significant sources of 

ionization and affect the net recombination. 

+ + 
The conversion of He to He2, and the return, indi-

+ + 

rectly, of the He2 to He , complicates the recombination 

and leads to three coupled differential equations, which 

describe the recombination. When the effect of diffusion, 

as described by the ambipolar diffusion coefficient and 

the Laplacian of the density, is also taken into account, 



these equations are 

d[He+]/dt = D: V
2 [He+]-a, [He+][e]-(3[He+], (11) 

a l 

dCHe^l/dt = D, V2[He+]-a2[He2][e]+|3[He
+], (12) 

cl 

d[e]/dt = [(Dja[He
+]+D2&[He2])/([He

+]+[He*])]V2[e] 

-otj [He+][e]-a2[HeJ][e], (13) 

where the recombination rate coefficient is represented by 

a. The probability of converting He+ to He* is represented 

by g, and the brackets indicate ion densities. The sub-

scripts i and 2 refer to He and He2, respectively. 

Equations (11), (12), and (13) account for the gain 

and loss of ions due to diffusion, recombination and atomic 

to molecular ion conversion. But these do not contain the 

internal sources of ionization. Any of the processes, such 

as (8) and (9), which lead to reionization will add gain 

and loss terms to the appropriate equations. 

The quantum nature of the atom only allows specific 

energy levels to exist within the atom, as depicted in 

Figure 1. Each energy level is labeled by its electron 

configuration in spectroscopic notation. 

As an excited atom is relaxed to the ground state, it 

may undergo several transitions to intermediate states be-

fore finally making the transition to the ground state. 

Because of the selection rules, there are only six series 

of transitions to the n = 2 level. The n = 2 level is im-

portant, because at this level reionization is extremely 

improbable, and the electron can be considered to be stably 
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bound. These series of transitions are 

nxP + 21S, 

n*S 21P, 

n*D 21P, 

n3S -> 2 3P, 

n3P 2 3S, 

and n3D 23P. (14) 

For each state, n, of excitation of the atom, a prob-

ability of reionization, Pn, can be assigned, which will 

increase with n because of the lower amount of energy re-

quired to achieve ionization. The probability of recom-

bination to quantum level n, Rn, is also an increasing 

function of n. The number of recombinations into state n 

is 

I+ = Rn[He
+], (15) 

and the number of reionizations out of state n is 

(16) 

There is a state n, where 

I_ = Pn[He(n)]. 

1+ ^ I_. (17) 

indicating an equilibrium between the free electrons and 

the state n. All states where q is larger than n will also 

be in equilibrium. This occurs because [He(q)] will in-

crease or decrease until the equilibrium exists. 

Saha11 derived a thermodynamic equilibrium relation-

ship based on Boltzmann's11 work which relates the popula-

tion of an excited state to that of the continuum, and is 
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important in recombination because it shows the relation-

ship of excited state populations to the ion and electron 

populations. In the case of atomic helium, the Saha equa-

tion is 

[He+][e] = [He(n)](g+g /g )(2mKT/h2)exp(-U /KT) (18) 
c n 

"f" 

where g , gg and gn are the statistical weights of the ion, 

electron, and excited neutral atom, respectively. The mass 

of the electron is represented by m and Boltzmann's con-

stant by K. T represents the temperature. The ioniza-

tion energy of the state n is U . 



CHAPTER III 

RECENT MEASUREMENTS OP THE RECOMBINATION 

RATE COEFFICIENT IN HIGH-PRESSURE HELIUM 

Most of the measurements of the recombination rate co-

efficient have been made at low pressures, as defined in 

the previous chapter, and agree quite well with the colli-

sional radiative recombination theory2' 3. However, two 

recent measurements which extend into the high-pressure 

region, where neutrally assisted recombination could occur, 

are the experiments of Born12, and Deloche, Gonfalone, and 

Cheret13. 

Born12 made his measurements from 0.25 Torr to 20 Torr, 

with a notable gap between 2.7 Torr and 12.5 Torr. Although 

he does not explain in his paper how his recombination rates 

were determined, from the data displayed and his justifica-

tions for the rates, the following appears to have been the 

method of determination. At low pressures, the [He+], he-

H u m atomic ion concentration, dominates over the [He2J, 

helium molecular ion concentration. At high pressures, the 
+ + 

[He ] dominates over the [He ]. By invoking charge neutral-

ity , 

[e] = [He+] + [He+2], (19) 

the extremes of low and high pressure can be approximated 

13 
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by 

and 

[e] [He+] for p<3 Torr, (20) 

•f* 
[e] % [He2] for p>12 Torr. (21) 

With these assumptions, the coupled equations, (11) and 

(12), can be considered to be independent, and can be writ-

ten as 

d[N+]/dt = DaV
2[N+]-«[N+][e], (22) 

where N represents the majority ion in the afterglow. Prom 

equations (20) and (21), equation (22) can be rewritten as 

d[e]/dt = D V2[N+]-a[N+][e]. (23) 
d 

Born presents data in his paper12 for the intensity 

of a state in Saha equilibrium and the electron density. 

- 4" _ _ 

The product concentration, [_N ][ej, can be determined from 

the Saha equation when the population of a state in Saha 

equilibrium is known. The diffusion term was apparently de-

termined theoretically. With these values known, the value 

of the recombination rate coefficient can be determined. 

Born chose 9 3D state to be in equilibrium with the 

free electrons. However, Collins and Hurt1**, and subse-

quently Born and Buser15, have shown this value to be far 

too low. Prom the data presented by both Collins and Hurt, 

and Born and Buser, principal quantum numbers of 15 or 

greater should have been chosen. This erroneous choice of 

the Saha level makes the validity of the measurement ques-

tionable, even granting the highly restrictive model used. 
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Deloche, Gonfalone and Cheret13 assumed the model de-

picted by equations (11), (12) and (13). This represents a 

significant improvement in the model over the simplest' 

choice of models made by Born. 

In order to account for the electronically (9) and 

neutrally (12) stabilized recombinations, they introduce 

a = a +k[e] . (24) 
o 

where a Q represents the recombinations from process (12) 

and k[e] the recombinations from process (9)-

Equations (11), (12), (13), and (24), used in conjunc-

tion with the measured loss of electrons, were solved by a 

process of curve fitting to give the rate coefficients of 

equation (24). 

However, this measurement is also dependent on a mod-

el applied to the afterglow, and, of course, can only be 

as accurate as the model. Sources of reionization, such as 

(6) and (8), have not been considered in "che model. Because 

of the importance of these mechanisms in the recombination, 

.reservations about the values obtained in this experiment 

must be maintained until all mechanisms of recombination 

and ionization are evaluated, or a model-independent meas-

urement of the recombination rate coefficient validates 

the model used. 



CHAPTER IV 

A NEARLY MODEL-INDEPENDENT MEASUREMENT 

OP THE RECOMBINATION RATE COEFFICIENT 

In the collisional radiative recombination theory, 

described in Chapter II, many recombinations occur into 

the high quantum levels, but only those which are stabi-

lized by relaxation to low quantum levels contribute to 

the net recombination. The measurement technique, described 

in this chapter, monitors such radiative relaxations to the 

n = 2 principal quantum level. 

Radiative transitions to the ground state were not 

measured, because this radiation is imprisoned in the plas-

ma and only a small amount escapes. A photon released by 

a relaxation to the ground state is exactly the amount of 

energy required to raise a ground state neutral to the en-

ergy state previously occupied by the relaxed atom. ' Since 

the cell contains primarily neutral atoms in the ground 

state, there is a high probability of reabsorption of the 

photon. The newly excited atom has a probability of de-

caying to the ground state by another path. The probabil-

ity of escape depends on the neutral density and the geom-

etry of the cell. Holstein16 has developed a procedure 

for calculating this probability of escape. Based on this 

16 
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methodj Frost and Phelps17 calculated the transition prob-

1 ^ 1 
ability for the n P I S transitions as modified by the 

escape probability for a cylinder 3.0 mm in diameter and 

£ _i 

a pressure of 1 Torr. This value was .527 x 10 sec 

In the case of this experiment, the cell diameter is 10.2 

cm in diameter and has a pressure of 44.6 Torr. Both of 

these larger parameters would present large reductions in 

the escape probability for the ground state transitions in 

the experiment described herein. However, using the above 

as a limit, less than 0.003% of the transitions to the 

ground state take place by direct radiative transitions 

and escape the cell. 

As shown in reaction (4), nonradiative transitions 

to the n = 2 level are possible. But, as suggested in 

Chapter I, these nonradiative transitions are improbable 

at low principal quantum numbers. During the collision 

which liberates the excess energy from the excited atom 

without radiation, the colliding electron increases its 

kinetic energy. This type collision is called a superelas-

tic collision. The rate coefficient calculated18 for the 

electron-collision superelastic de-excitation rate, re-

action (4), for the n = 3 to n = 2 levels of helium, is 

6 x 10~9cm3sec-1. At maximum electron densities, charac-

teristic of the early afterglow as described in Chapter V, 

the nonradiative rate of relaxations is limited to 
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5 x 103sec x. The radiative rate for the same transition 

quoted by Niles1? is 13 x 106sec-1. Since the most prob-

able nonradiative transition to the n = 2 level is from 

the n = 3 level, the ratio of these two rates can be con-

sidered as an upper limit for all transitions. Computing 

in this manner3 only .05% of the relaxations to the ground 

state could proceed by the nonradiative superelastic 

de-excitation process. 

Since the preponderance of transitions to the n = 2 

level can therefore be assumed radiative, the monitoring 

of the radiation from the afterglow gives an accurate in-

dication of the recombination events per unit time, R. 

The recombination events per unit time, R, is related to 

d[He+]/dt of equation (3) by 

R = d[He+]/dt-D V2[He+]+$[He+], (25) 
Ci 

because R is an indication of the recombination to the 

atomic state and does not include loss due to diffusion 

or conversion to the molecular ion. A simplified expres-

sion, 

R = -a[He+][e], (26) 

results when substituting equation (11) into equation (26). 

The Saha equation relates the product density with 

the free electrons. When this value is obtained, the 

recombination rate coefficient, a, is easily determined 

by 

a = -R/[He+][e]. (27) 



CHAPTER V 

APPARATUS AND TECHNIQUES 

A cylindrical quartz cell 17-5 cm in length, depicted 

in Figure 2, was used to contain the afterglow. Tantalum 

electrodes were used to provide repetitive power pulses 

to gas to create the initial discharge. 

Special low-neon content (0.2 ppm) helium was admit-

ted to the gas handling system. Cataphoretic pumping20 

was used to further purify the gas before introducing it 

into the cell. Because of the relative high pressure of 

the gas, temperatures dangerous to the glass tube were de-

veloped during the cataphoretic pumping. To eliminate this 

danger, a glass jacket was constructed around the tube and 

water was allowed to flow through the jacket, cooling the 

walls of the tube. With this modification to the standard 

method of cataphoretic pumping, there was no difficulty in 

obtaining very pure helium. Table 1 lists the impurities 

which were found spectroscopically and their intensity lev-

el, as compared to the peak intensity of the 4650 Angstrom 

molecular band of helium. Figure 3 shows a representation-

al diagram of the gas handling system utilized. The final 

gas pressure in the cell was 44.6 Torr. 



TABLE I 

GAS IMPURITIES IN THE 44.6 TORR 

HELIUM AFTERGLOW CELL 

Impurity 

Observation 
Wave Length 
In Angstroms 

Ratio35 Of 
Intensity 

CO+ 

H 

Nl 

Ne 

4274.3 

4861.3 

4278 

5850 

No Trace 

.02 

No Trace 

.037 

* The intensity of the impurity was compared to the peak 

intensity of the 4650-Angstrom helium molecular band, 

by forming a ratio. The ratio of the background inten-

sity to the peak intensity of the 4650-Angstrom helium 

molecular band was .01. 

20 
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Figure 3 

A representational diagram of the gas handling system. 
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A low level pulse generator synchronized to a data 

acquisition system was used to trigger a high-voltage pulse 

generator. In standard operation, the cell was pulsed with 

5000 volts for 10 ysec 16 times per second. Several tens of 

thousands of periods of afterglow were needed to achieve 

statistically good data. 

Figure 4 shows a block diagram of the photon counting 

and data acquisition system. In the visible region, the 

spectrometer used was a Czerny-Turner .75-meter tandum spec-

trometer. In quartz ultraviolet and infrared regions of 

the spectrum, data was acquired with a .5-meter Ebert spec-

trometer. An EMI 6256s photomultiplier was utilized to 

detect the photons passed by the spectrometer. After am-

plification of the output pulses, they were processed by a 

discriminator with an adjustable discrimination level, which 

was optimized for maximum signal detection and dark current 

rejection. A programmable data acquisition system then ac-

cumulated the conditioned pulses, in phase increments of 

time width determined by the program. The system could 

accommodate a maximum of 500 frames of data per afterglow 

cycle. The framing scheme utilized for this experiment was 

nineteen lO-ysec frames, followed by ninety-six 25-ysec 

frames, and then, one hundred twenty 500-ysec frames. This 

scheme, with short frames during the early time periods and 

long frames during the late time periods, allowed adequate 

time resolution when the count rates were high, and the 
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Figure k 

A block diagram of the photon counting and data acquis-

ition system. 
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slope of the data was also high. Poorer time resolution 

occurred where time resolution was not as Important, but 

total counts accumulated in a frame were important in order 

to minimize statistical errors. In the late time regions, 

the slope is low and slowly changing; therefore time reso-

lution is not as important. Examples of this framing 

scheme are presented in Chapter VI. 

The number of photon counts in each frame was con-

verted to a photon count rate by an on-line digital computer, 

The last 5 msec of data, corresponding to approximately 60 

msec into the afterglow, were averaged together to form a 

base line reference. The data was then adjusted to this 

base line. Using standard statistical methods, the number 

of counts in each frame was used to calculate the standard 

deviation of the data. 

All spectroscopic observations of relaxations from one 

excited state to another were compared to a known radiation 

source, supplied by the Bureau of Standards. Utilizing 

this standard, an allowance for the efficiency of the spec-

trometer was made to adjust the data to a true photon count 

rate incident on the spectrometer slits. Then, from the 

geometry of the optical path, the observed solid angle of 

radiation was determined. This calibration is discussed 

further in Appendix A. Prom this data, the total radiation 

from the cell could be determined for a particular wave 
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length, and hence the total rate of relaxation to one 

state from another state, represented by observed wave-

length, was determined. 

The digital computer was utilized to add all of the 

data, for the six series of transitions taken, together, 

frame by frame. For each series, data was taken on transi-

tions up to the quantum level, where each new addition to 

the total was two orders of magnitude lower in count rate 

than the total. This sum then represented the total re-

laxations to the n = 2 states of the helium atom. 

Data was also taken on the i53P -* 23S transition, which 

was assumed to be in Saha equilibrium with the continuum. 

Equation (18) was then applied to this data, again on a 

frame-by-frame"basis, to indicate the product concentration 

of [He+][e] as a function of time. Because this radiation-

was in the quartz ultra-violet region, 263^ Angstroms, and 

of very low intensity, two runs of data were required, the 

first, an observation of 263^ Angstroms, and the second, an 

observation of 2634 Angstroms with a filter to absorb the 

ultra-violet radiation and transmit the visible and infra-

red radiation. Subtracting one set of data from the other 

removed the scattered light resulting from the intense tran-

sitions in the visible and infrared regions. A total of 

650 000 sweeps of the afterglow was utilized to obtain this 

data. 
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A 35 GHz microwave interferometer was employed to 

determine the phase shift within the plasma as a function 

of time. The electron densities were calculated21, util-

izing the difference in phase shift, A<J>, between a micro-

wave path which is constant in phase and one in which the 

microwave energy propagates through the plasma. The elec-

tron density, averaged over the plasma path, is 

[e] = 2e0mca)A<f>/e
2, (28) 

where eQ is permittivity of free space and m is the mass of 

the electron. The angular frequency of the microwave en-

ergy is represented by w and e is the charge of the elec-

tron . 

Figure 5 is a representational diagram of the inter-

ferometer and the data acquisition system. The microwave 

test signal was developed by a Ku band sweep generator set 

at 18 GHz. This signal was doubled to 36 GHz by a varactor 

doubler. Then, the signal was split into two paths which 

contained two microwave horn antennas which allow propaga-

tion of the microwave signal, through the cell. The two 

paths were rejoined in a 10-dB top-wall coupler, and detect-

ed by a crystal detector in a waveguide mount. The detect-

ed signal was then amplified by a factor of 1000 and accumu-

lated by phase in a computer of average transients. 

The same data acquisition system as was used for the 

spectroscopic data could not be used, because the crystal 





Ku BAND 
MICROWAVE SOURCE 

VARACTOR 
DOUBLER 

ATTENUATOR 3clB COUPLER 

PHASE SHIFTER 

10 dB COUPLER 

5LASMA 

v./ 

SQUARE LAW 
DETECTOR 

x 1000 AMPLIFIER COMPUTER OF 
AVERAGE TRANSIENTS 



33 

detector produces an analog signal, while the photomulti-

plier produces a digital signal. The framing scheme used 

for this measurement differed from the spectroscopic fram-

ing because of the equipment used to accommodate the analog 

signal. The minimum frame phase length available was 78 

ysec, and a maximum of only 200 of these could be handled 

during each afterglow cycle. 

Since the frame sizes of the electron density data and 

the spectroscopic data were different, all of the spectro-

scopic data was reframed on the digital computer to cor-

respond to the larger frame size of the electron density. 

Because the total relaxation rate to the n = 2 level 

represent the total number of recombination events per unit 

time, this data, along with the [He+][e] product density, 

was introduced into the equation (27) s and the recombination 

rate coefficient determined as a function of time. Having 

determined both [e] and a as functions of time, they can 

be related to each other by the elimination of the parameter 

time. 



CHAPTER VI 

EXPERIMENTAL RESULTS 

In Figure 6, the n3P 23S series data are presented. 

These data indicate the total photon emission rate per unit 

volume at the center of the cell, from the excited states 

3 

marked on each curve to the 2 S metastable state. Forty 

msec of usable data were obtained for each of the transi-

tions shown. The boxes represent the error in the measure-

ment. The limits of the boxes, parallel to the ordinate, 

indicate the error inherent in the determination of the 

time by the framing scheme discussed in Chapter V. The 

internal lines, parallel to the abscissa, are the statis-

tically determined data. The limits of the boxes in this 

direction are the errors indicated by the standard devia-

tion of the data. This data, and the data from the other 

five series, mentioned in Chapter II, were added together 

to give the total photon emission rate per unit volume, 

displayed in Figure 7. As stated in Chapter IV, this rep-

resents the total recombination events per unit time, per 

unit volume. 

The data from the 153P 23S was extremely weak, and 

at early times in the afterglow, peak count rates of only 

103 counts per sec were observed. Only 2.5 msec of usable 

O Jl 
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Figure 6 

A graph of photon emission rates, in units of cm~3sec"1, 

from the n3P -»• 23S series versus time in msec. The emission 

represents transitions from n3P 23S. Each level n3P is 

labeled on the graph. 
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Figure 7 

Total photon emission rate (cm"3sec"1) measured as a 

function of time (msec). 
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data were obtainable, for over this interval the count 

rate dropped to the order of 1 count per sec. With the aid 

of the Saha equation (18), these data were converted to the 

[He+][e] product density, shown in Figure 8. 

Equation (27) was applied, frame by frame, to the data 

which represent the recombination rate of [He+] in Figure 7S 

and the data of Figure 8, which represent [He+][e]. The re-

sult of this operation is displayed in Figure 9 and repre-

sents the recombination rate coefficient versus time. These 

data are severely limited by the data from the 153D -»• 23S 

transition. As a consequence, the recombination rate coef-

ficient could only be determined to 3-5 msec. 

The electron density measurement, as discussed in 

Chapter V, was made with the 36-GHz microwave interfero-

meter, and this is presented in Figure 10. No method of 

monitoring the statistical nature of the data was available 

with existing equipment, so the data are presented without 

error limits. However, from the smoothness of the data, 

•one can infer a low statistical error. 

Figure 11 is a log-log plot of the recombination co-

efficient versus electron density, where the experimental 

parameter time, after appropriate refraining of the spectro-

scopic data, has been eliminated. 

Presented also in Figure 11 is a theoretical calcu-

lation5 of the electron density dependence of the recom-

bination rate coefficient. 
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Figure 8 

JL 

A graph of the product concentrations [He ][e] in units 

of cm-6 measured as a function of time in msec. This graph 

was derived from the 153D -»• 23P transition and equation (18) 

in the text. 
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Figure 9 

A graph of the recombination rate coefficient, a, in 

units of cm3sec"1 , plotted as a function of time in msec. 
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Figure 10 

A graph of electron density in units of cm-3 versus 

time in msec, as determined by a 36GHz microwave interfe-

rometer. 
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Figure 11 

A graph of the recombination rate coefficient measured 

as a function of electron density, at a neutral gas pres-

sure of *J4.6 Torr. Shown for comparison are theoretical val-

ues, calculated as a function of electron density , for neu-

tral gas pressures of 3.13, 31.3, and 313 Torr, reading from 

bottom to top, respectively. 
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CHAPTER VII 

CONCLUSIONS 

This work has presented an unambiguous measurement 

technique, which is nearly model-independent, for the de-

termination of the recombination rate coefficient. Unlike 

the previous works of Born, and Deloche, Gonfalone and 

Cheret, no assumption as to the identity of the dominant 

ion present need be made, and all sources of internal ion-

ization are contained in the determination of the recom-

bination coefficient. 

Data taken at a pressure of 44.6 Torr has been pre-

sented to demonstrate the feasibility of the measurement. 

At this pressure, radiation from the molecular helium re-

combination is much stronger than that from the atomic ion 

recombination. A severe demand is made on any measurement 

dependent on the weak radiation of the atomic ion recombin-

ation, by this high pressure characteristic. The success 

of the measurement at this pressure indicates the technique 

could be extended to even higher pressures. 

The application of this method at other pressures 

should allow the accurate determination of the recombina-

tion coefficient over a range of electron densities, which, 

in turn, should indicate the relative importance of the 

lift 
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electron-induced and the neutrally induced recombinations 

discussed in Chapter II. 
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APPENDIX A 

ABSOLUTE INTENSITY CALIBRATIONS 

All spectroscopic measurements were calibrated by com-

parison to a standard source, traceable to the Bureau of 

Standards. This appendix describes this method of calibra-

tion. 

The standard source intensity was represented by 

N(X) = (3.842 x 10~16/V)exp(-5.932 x IOVa), 

(29) 

where N(A) is in units of ywatts/nm/mm2/ster and A is in 

units of cm. 

This source was placed a length d in front of the spec-

trometer. Under these conditions, the energy, in watts, 

at the spectrometer is 

E (A) = 35.55N,AA(W,W )/10d2, (30) 
JL A 1 0 

where AA is the dispersion of the spectrometer, and and 

W are entrance and exit slit widths, respectively. This 
6 

can be represented as a photon flux, by 

N (A ) = 1.10 x 102W.W exD(-5.932 x 10"1* /A ) . 
r o x^d2 1 e 0 

(31) 

As shown in S'igure 12, the standard source was observed 

in two positions, the reference position, and the calibra-

tion position, behind the cell. To observe the source in 

the reference position, the plane mirror was rotated, as 

52 



53 

Figure 12 

Diagram of calibration setup used to determine abso-

lute intensity. 
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Indicated by the dashed line position. 

By observing the count rates, ^(AQ), f"01* the two posi-

tions, the photon flux from the calibration position, in 

terms of the photon flux from the reference position, is 

N c(A q) = [C(A 0)/CU 0 ) ] N r(A 0), (32) 

where the subscripts c and r refer to the calibration and 

reference positions respectively, and N r(A Q) can be deter-

mined from equation (31). 

For any wavelength A, the photon flux from the cali-

bration position, to the spectrometer, is 

N c(A) = [N(A)/N(A0)]Nc(A0), (33) 

or N C(A) = [N(A)/N(A0)][Cc(A0)/Cr(A0)]Nr(A0), 

(34) 

where N(A) and .N(A Q) are determined by equation (29). 

By observing the count rate, C (A), from the plasma, 
1? 

the photon flux arriving at the spectrometer can be repre-

sented by 

N (A) = [C (A)/Cc(A)]Ne(A). (35) 

With this procedure, the cell radiation to the spectro-

meter was calibrated for all wavelengths measured. 

By knowing the intensity of the radiation at the spec-

trometer, the total emission from the cell, per unit volume, 

was calculated by 

I_(A) = [Wu)Al]N (A), (36) 
IT 

where to Is the solid angle of the focusing mirror, when sub-

tended by the plasma, A is the cross-sectional area of the 
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plasma under observation, 1 is the length of the plasma, 

and equation (35) defines N (A). 
P 

When the relationship for lenses, 

w A = u A , (37) 
p p s s 

where A is the area of the object and to is the solid angle 
P P 

of the lens subtended at A and A is the area of the image, 
p s 5 

and w is solid angle subtended at A , is applied to equa-
s s 

tion (36), then 

I (A) =[4Tr/to A l]N (A), (38) 
p s s " P 

where co is the solid angle of the mirror subtended by the 
s 

spectrometer, and Ag is the area of the slit. 


