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■by 

THOMAS BRATTON COOK III 

ABSTRACT 

Penning ionization of atomic oxygen is one of the important 

deexcitation processes for helium triplet metastable atoms in 

the atmosphere. Measurements of absolute Penning ionization cross 

sections for the reactions 

He(2xS, 23S) + 0(3P) - 0+ + He + e 

are reported. Calculations of the atmospheric He(23S) concentra¬ 

tion are discussed and the results of one such calculation, as 

recently reported in the literature, are presented. 
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PENNING IONIZATION OF ATOMIC OXYGEN 

BY HELIUM (21S, 23S) METASTABLE ATOMS 

Chapter I 

BACKGROUND 

The presence of helium 23S metastable atoms in the atmosphere 

was first suggested by Mironov9 to account for an apparent enhance¬ 

ment of the Q branch (X = IO83IA) relative to the R branch of the 

(5,2) hydroxyl band seen in a sunlit aurora in 1958- This was 

attributed to resonant scattering of IO83OÂ solar radiation due to 

the process 

bv + He(23S) - He(23P) (I- 1) 

He(23P) - He(23s) + bv (I- 2) 

Federova10'11,22 later confirmed this hypothesis. This scattering appears 

to be a regular feature of red sunlit aurora and may be several tens 

of kiloRayleigh in intensity.13 >14 *15 (A RAYLEIGHrepresents the scatter¬ 

ing of 10s photons per second by a 1 cm2 column.) 

Subsequent to Mironov’s work this radiation has also been ob¬ 

served in twilight glow14"23 observations which measure scattered 

radiation from high altitude sunlit regions and are performed after 

sunset at the observation point in order to reduce the background due 

to scattering in the lower atmosphere. Twilight glow intensities at 

IO83OÂ range from a few hundred Rayleigh during summer at low solar 

activity up to 4 kR during winter at solar maxima. Using the emission 

rate factor introduced by Chamberlain24 it can be calculated that 

each metastable scatters ~ 16.8 photons per second25'26 which implies 

there are as many as 10s metastables per square centimeter column. 
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In order to account for the observed helium metastable concentra¬ 

tions it is necessary to understand both the production and loss 

mechanisms that are operative. 

Three production mechanisms have been proposed. Shefov27*28 

originally suggested the following sequence: ground state helium 

atoms are excited to either the 21P or the 31P states by solar photons 

of wavelength ^8kA or 537Â- Some of these atoms decay to the 21S 

metastable state and the rest return to the ground state. Then, 

singlet to triplet conversion occurs through the superelastic collision 

process 

He(21S) + e - He(23S) + e + .8 eV (i- 3) 

for which the cross section is quite large (3x10 14 cmP)29. This 

production process was analyzed by Ferguson and Schlüter30 using 

the then available measurements and estimates of the loss rates. 

They demonstrated that this mechanism would only account for a sufficient 

23S metastable population to produce ~ Vfo of the observed resonant scatter¬ 

ing intensity. The metastable production rate due to this process is 

insufficient because l) the vast majority of the n^T atoms decay 

directly to the ground state and 2) the probability of the superelastic 

collision (I—3) is small due to the short 21S natural lifetime of 

20 ms.2 In this analysis, Ferguson and Schlüter used Penning ioniza¬ 

tion cross sections for 0 and N from Sholétteand Muschlitz5 and 
2 2 

Benton et al.6, and assumed what then seemed to be a reasonable value 

of the atomic oxygen cross section. Later papers by McElroy34, 

Patterson55 and Christiansen et al.23 (see below) used these same cross 

sections. 
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In the same paper, Ferguson and Schliiter suggested that recombina- 

+ 
tion of He ions into the triplet series, ultimately forming atoms in 

the 23S state, could be a significant source of metastables. This 

suggestion was prompted by the work of Nicolet31 and the recent rocket- 

borne ion probe data of Hale32 analyzed by Hanson33 which indicated 

larger helium ion concentrations in the ionosphere (up to ~ 7xl03/cm3) 

than previously believed. Both Ferguson and Schliiter and McElroy34 

have studied this process concluding that Hell recombination is not a 

major contributor to the helium metastable population in the atmosphere. 

Ferguson and Schliiter (and independently Shefov35'36) proposed 

but did not study the reaction that has subsequently been shown to be 

the dominant metastable excitation process. They suggested the 

importance of the direct excitation of ground state helium atoms to 

the 23S state by energetic photoelectrons. These energetic electrons 

are present in the ionosphere due to ionization of the major neutral 

constituents by solar EUV radiation (\ £ 375Â) • McElroy34 has shown 

this to be the principal source of helium metastables in the atmosphere. 

He presents graphs of production rate versus altitude which have been 

used in later papers8'55 in calculating metastable distributions. 

Some modification has been required however due to improved knowledge 

of the neutral helium atmosphere37 44, new measurement of the solar EUV 

flux45'46, and (for some latitudes) the effect of magnetic conjugate 

point electrons23 (which may increase the energetic electron fluxes 

by as much as 30$ under some conditions). 

Turning now to loss mechanisms, there are five major processes 

which could destroy triplet metastables in the atmosphere: chemiioniza- 

tion, photoionization, triplet to singlet conversion, radiative decay 

and colllsional deexcitation without concurrent ion production. 
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Chemiionization cross sections have been previously measured for 

many stable targets3’4'’5’6 and hydrogen atoms4. Since the metastable 

production rate is only appreciable above ~ 120 km and remains moderately 

high until ~ 800 km, the most frequent collisions for metastables will 

be with 0, 0 and N , the three major species in this region of the 
2 2 

atmosphere. The chemiionization cross section for atomic oxygen had 

not been measured prior to this work47. 

Photoionization, which can occur for X ^ 2600k, is also important 

atmospherically. This cross section has been measured recently by 

Stebbings et al.48 and is in satisfactory agreement with the theoretical 

results of Norcross49, Burgess and Seaton50, and Dalgarno et al.56. 

An earlier value of the cross section by R. N. Rundle51 has been used 

in many calculations30’34’55’23. 

The third process to be considered is the reverse of reaction 1-5 

which would destroy the 23S state in an endothermic collision. It 

has been shown30 on the basis of excitation cross section measurements 

of Schultz and Fox52 that the cross section for this process should 

be ~ 8x10 17 cup. It was therefore concluded by Ferguson and Schlüter30 

that triplet to singlet conversion by electron collision is not an 

atmospherically important metastable loss mechanism. 

Radiative decay could also contribute to the loss of metastable 

atoms. Recently, the 23S lifetime has been theoretically reevaluated 

from 6x10s sec to a lower value1 of 8xl03 sec. As will be seen in 

Chapter IV, this lifetime implies that radiative decay is not important 

atmospherically except at very high altitudes. 

A fifth loss mechanism that may be important but has not been 

thoroughly studied involves collisional deexcitation without ion 
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production. A recent report by Piper et al.76 suggests that this 

type of quenching which leads to dissociation or excitation of the 

target may account for ~ 90f> of the metastable loss rate in some cases. 

Although that report dealt specifically with argon metastables in colli¬ 

sions with KO and C H , the possibility of similar effects with helium 
2 2 

metastables is a problem that deserves attention. In the atmospheric 

context, the total quenching rate for metastables is the important para¬ 

meter but chemiionization rates are nevertheless significant to the ex¬ 

tent that they provide a lower limit to the total metastable destruction 

rate. For collisions involving helium metastables with atomic species 

the chemiionization cross section should be nearly equal to the quench¬ 

ing cross section as other efficient deexcitation processes appear 

unlikely: thus for altitudes at which the most frequent collisions of helium 

metastables are with atomic oxygen, the chemiionization cross section 

should be appropriate. However for altitudes below approximately 300 km, 

N is the major species so that a large disparity between quenching 
2 

cross sections and ionization cross sections could result in signifi¬ 

cant errors in the metastable loss rate at these altitudes. 

There have been three major papers concerned with calculation of 

the helium metastable distribution as a function of altitude. Patterson56 

gives two coupled differential equations to be solved. The solutions 

he obtains to these equations (using the production rates of McElroy 

and the same destruction cross sections as Ferguson and Schliiter) only 

account for resonant scattering up to ~ 300 R, a smaller value than the 

observations required for many conditions. 
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In 1971j Christiansen23 revised McElroy's results to account for 

variations in the helium abundance and for conjugate electron fluxes. 

New resonant scattering intensities were calculated with the values 

obtained ranging up to J00 R which is again too small to agree with 

winter observations during high solar activity. 

Most recently, Rundel and Stebbings8 have revised the calculations 

using the equations of Patterson with the values of the destruction 

cross sections as measured in this laboratory3,47,4S, the production 

parameters of McElroy (amended for solar activity and conjugate electron 

flux), and the most recent model of the helium atmosphere. The results 

of this calculation are in better agreement with observations and 

will be discussed in Chapter IV. 
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Chapter II 

THE APPARATUS AND THE EXPRESSION FOR THE CROSS SECTION 

A. Description of the Apparatus 

A schematic representation of the differentially pumped crossed 

team apparatus is shown in figure 1 and a brief description will be 

given here with the discussion of many details deferred until 

Chapter III. A beam of ground state helium atoms formed by effusion 

through a multichannel array is merged with a beam of electrons 

(~ 70 eV) which is constrained by an axial magnetic field to travel 

colinearly with the helium beam. Collisions result in excitation 

and ionization of some of the helium atoms. Most of the excited atoms 

decay back to the ground state in times on the order of 10 8 seconds, 

however some atoms will remain in one of the two metastable states. 

These states have sufficiently long lifetimes that such atoms may, 

in the absence of perturbations, travel the length of the apparatus. 

Charged particles are removed from the beam at the end of the excitation 

region either by the divergence of the axial magnetic field or by an 

applied electric field. 

Downstream from the excitation region, the helium beam may be 

irradiated with light from a helium discharge lamp causing quenching 

of atoms in the P^iS state by transitions of the type P3^ -* nxP -* 1XS. 

Light from the lamp may also cause triplet metastables to be excited 

to higher triplet states but subsequent decay returns them to the 

P3S state which is the ground state of the triplet system. By turning 

the helium lamp on and off, the separate effects of atoms in the two 

metastable states may be determined. 



M
A

G
N

E
T
 

P
O

L
E
 P

IE
C

E
S

 

Figure 1 - Schematic Diagram of the Apparatus 
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The flux of metastables is measured by monitoring the current of 

secondary electrons ejected by the metastables from a surface of known 

secondary electron yield. The secondary electron ejection coefficient, 

y, can be measured for each of the two metastable states in an auxiliary 

experiment. 

The target beam is formed by effusion from a small orifice in the 

side of an iridium tube. Iridium has a high melting point and is 

relatively inert to both molecular and atomic oxygen even at high 

temperature. (Details of the furnace construction are given in 

Appendix 1.) In order to form a beam of molecular oxygen, the source 

is left at room temperature, 0 is admitted and the beam is formed by 
2 

effusion,. If a beam of oxygen atoms is required, the source (which 

is also referred to as the furnace or oven) is heated to 2100°K. 

Under certain pressure conditions, approximately 20$ dissociation of 

the molecular species may be obtained with oxygen atom number 

densities of several x 108 cm 3 at the interaction region where the 

target beam crosses the metastable beam at an angle of 90°♦ 

Ions formed in the interaction region are electrostatically 

extracted, accelerated to 5OO eV, and focused by an electrostatic 

quadrupole lens. They then pass through a 60° sector magnet for 

mass selection before striking a Johnston MM-1 particle multiplier 

for detection. 

In order to differentiate the ion signal due to the interaction 

of the two beams from that due to ionization of the residual gas in 

the chamber, the target beam is modulated at 100 Hz by a chopper 

wheel. Ions counted when the beam is on are registered by one scalar 

(signal + background); ions counted when the beam is off are registered 
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by a second scalar (background). The difference between the counts 

in the two scalars is due to the metastable-target beam interaction. 
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B. The Expression for the Cross Section 

The chemiionization cross section Q^(v , v^) for stable species 

can he related to experimentally measured quantities in the following 

3 way. 

The number of ions S (v , v, ) detected per second due to the 
m nr t * 

interaction of metastables with velocity between v and v + dv . and 
m m nr 

target neutrals with velocity between v^_ and v^. + dv^ is 

S (v . V+^dVm
dV

4- = kQ(Vm, V. ) F f(v ) A (v , V ) mm % m t m m t m m m m t 

•Pt(vt)dvmdvt 

(II- I) 

where k is the efficiency with which the ions are detected, F is the 
m 

total flux of metastables, f (v^) is the velocity distribution function 

for metastables (normalized to one), ^m(
v
mJ ) Is the effective path 

length of metastables through the target beam, and p^_(v^.) is the 

number density of target neutrals within the specified velocity interval. 

F , A , and p, can be written as 
m m rt 

F = — 
m ev 11 m 

m m* t ) = A 

(v 2 + v.2)^ 
m 

(II- 2) 

(II- 3) 
m 

Pt(v t) = Ftf(vt)/lohovt (II- 4) 

where I is the current of secondary electrons ejected by metastable 

impact from a surface whose secondary electron ejection coefficient 

is Y J F. is the total flux of target neutrals, f(v.) is their 
'm t t 

velocity distribution, and AQ and hQ are the width and height of the 

target beam. The total signal is then found by integrating over 
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all values of v and v . In carrying out this integration, it is assumed ÏÏ1 U 

that is a slowly varying function of the velocities, so that it can 

he taken outside the integral 

s = m 
m h ev o Tm 

Ft sJJ 
(y2 + v2)8 

m 
v v. m t 

■f(v )f(v.)dv dv. m t m t 

(II- 5) 

A further measurement is then made in which the metastable beam is 

replaced by a 500 eV electron beam, and the count rate Sg of ions formed by 

electron impact is determined. Since the electrons are essentially 

monoenergetic, and their velocity is much greater than that of the 

target neutrals, Sg is given by 

Q = k_ _e 
e h e o 

F. Q t e /V1 f(Tt)dTt (II- 6) 

where Qg is the cross section for electron impact ionization. 

From equations 5 and 6 both k and F. may be eliminated giving 

the chemiionization cross section Q as m 

SIv m e 'm 0 
Qe ' S~I "" 3 

e m 
(II- 7) 

where the path length correction has been written as 

/ V1 f(vt)dvt 
3 = 

ffv ~1 V.
-1(v 2 + v 2)8f(v )f(v. )dv dv. JJ m t v m t v m v t m t 

(II- 8) 

+ 
Recent work indicates this assumption, that Q varies slowly with velocity, 

may not he valid in all cases. Since the strong temperature dependence 
shown in some chemiionization reactions was not foreseen, velocity selection 
has not heen employed in the measurements to date* The cross section ob¬ 
tained must therefore he viewed as applicable to the ’effective’ temper¬ 
ature of interaction appropriate to collisions between particles in two 
beams; each beam having a known distribution of velocities. 
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Equation 7 is appropriate for determination of chemiionization 

cross sections for a target beam comprising a single component. At 

the present time, it is not possible to form a pure atomic oxygen 

beam of sufficient density to use in this experiment. It is, however, 

possible to obtain a usuable number density of oxygen atoms with 

~ 20$ dissociation of 0 . Consider the following reactions which may 
2 

occur in collisions between helium metastables and the particles in such 

a mixed beam 

* 
He + 0 - 0+ + He + e (II- 9) 

* 
He + 0 

2 
- 0+ + 0 + He + e (II-10) 

* 
He + 0 

2 
- 0 + 

2 
He + e (II-11) 

* 
He "h 0 

2 
-* 0+ o“ + He (11-12) 

The cross section for process II-9 is desired and may be determined 

as follows. When the furnace is at room temperature, there is no 

dissociation and process 9 cannot occur. Processes 10 and 12 give rise 

to a signal S' + of 0+ ions in the mass spectrometer, and process 11 
0 + 

gives a signal S' , of 0 ions. Let R be the ratio of these two 
n + 2 ™ 0 ,m 

signals 2 

R = [S'+ /S' + ] (11-15) 
0 ,m 0 ,m 

2 7 

(Primes denote no dissociation.) 

When the furnace is heated, partial dissociation occurs and contri¬ 

butions to the 0+ signal arise from processes 9, 10, and 12. The 

0 + signal still arises only from process 11. That part of the 0+ 
2 

signal arising from reactions 10 and 12 is then identifiable as the product 

of the 0 signal with R . The signal arising from reaction 9 is therefore 
2 m 
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S 
m 

(ll-l4) 

The analysis for the signal due to electron impact ionization 

proceeds in an analogous fashion so that the signal from the reaction 

+ 
e + 0 -* 0 + 2e is given by 

S = S , 
e _+ 

0 ,e 
- S R 

0 +,e e' 
(II-15) 

Substitution of II-14 and 11-15 into II-J gives the Penning ioniza¬ 

tion cross section for atomic oxygen as 

[S+ -RmS + 1 
0 ,m 0 ,rn I Y_ 

Q = Q £  -y-51 3 m I 
(II-16) 

[S , - R S ] 
+ e + 
0 ,e 0 ,e 

m 

where Q is the cross section for electron impact ionization of atomic 
1 

OKygen. 



Chapter III 

MEASUREMENTS MD RESULTS 

A. Measurements 

This section is divided into several parts in each of which a 

different aspect of the cross section measurement is discussed, 

l) The metastable beam. 

There are several difficulties associated with measurement 

of the absolute metastable flux. The most important of these is the 

determination of the secondary electron ejection coefficient y for 

each metastable species. As mentioned in Chapter II, y is measured 

in situ using a technique which may be understood as follows. 

Let the metastable beam enter a cell and strike a surface 

for which the probability of a metastable atom ejecting an electron 

is y. Let the total current ejected from the surface by the beam of 

metastable atoms be Ig. If a gas is admitted into the cell and the only 

loss of metastables is by Penning ionization of this gas, then the 

number of Penning ions formed is exactly equal to the number of meta- 

+ 
stables destroyed. If the current of Penning ions I and the reduced 

+• 

value of the secondary electron current I are measured, then y 

can be found as 

Y = 

I -I 
e e (ill- l) 

This expression may be used to evaluate y with the proviso that any 

metastables destroyed in other ways must also be considered. In 

practice, the modifications to equation III-l to account for the 

other loss mechanisms are extensive. For example, two important effects 

that must be considered are as follows. First, the metastable beam is 
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attenuated by collisions with gas streaming out of the cell. This means 

that the total metastable flux entering the gas cell is different when 

gas is present from that when the cell is empty. Second, a number of 

metastables are elastically scattered to the walls of the cell when gas 

is present. The current of secondary electrons ejected by these meta- 

+ 
stables would cause an error in determining the ion current I if not 

T 

properly accotinted for. 

One method of determining y that has been used in this lab is 

that of Kundel et al.62. In utilizing this technique care must be taken 

to saturate each of the measured currents, some of which have been shown 

to be quite difficult to measure accurately. In an effort to circumvent 

this problem and simultaneously provide greater flexibility, the gas 

cell described by them has recently been modified by the addition of two 

wire grids and alteration of the front plate. Figure 2 shows the improved 

gas cell. These changes still allow y to be measured by the earlier 

procedure while permitting the use of two alternate methods. 

The measurements involved in determining y by the first 

of the new methods are as follows: 

a) no gas in the cell 

1. The current J leaving the monitor grids due to secondary 

electron ejection by metastables is 

J = c eF 

where c is a constant, e is the electronic charge and F is the 

flux of metastables entering the cell. 

2. The current I leaving the back plate due to secondary 

electron ejection by metastables is 

I = e yF 
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b) gas present in the cell 

1. The metastahle flux entering the cell is reduced to 

f 
a new value F as a result of collisions with gas streaming 

from the cell so that the new monitor grid current is given by 

Tt _t 
J = ce F 

(Daggered [t] quantities indicate the presence of gas in the cell.) 

2. An amount AF^" of the metastables undergo Penning colli 

sions in the cell. If the grid wires are biased negative with 

+ 
respect to the rest of the cell a positive current I will be 

observed arising from collection of the Penning ions 

I+
t = (1 + 6) e AF+ 

where 6 is the secondary electron ejection coefficient for positive 

ions. Although elastically scattered metastables which strike 

the grid wires will eject secondary electrons, the wires are 

t 
sufficiently small that the contribution to I arising from this 

source is negligible. 

3- If one half cylinder is now biased negative with 

t 
respect to all other electrodes a positive current R will be 

measured arising both from secondary electron ejection by the 

fraction f of the elastically scattered metastables striking it, 

and also from collection of the Penning ions 

R+
+ = fye (F+- AF1") + e (l + 6) AFŸ 

4. If the back plate, other half cylinder, and front 

plate are now connected together and biased negative, a positive 

t 
current S+ will be measured again arising from both the 

collection of Penning ions and the ejection of secondary electrons 

from the negative elements so that 
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sj = (1 - f)ye(Ff - £F+) + e(l + ôjAF1' 

Analysis then shows that y is given by 

(K. f 
= (1+ 6)\ 

The currents and bias conditions used are summarized in Table 1. 

Another method for determining y while less precise than that 

just discussed is nonetheless sufficiently accurate to be of.value. 

As the pressure of gas inside the cell is increased, the probability 

that an entering metastable will be deexcited by Penning ioniza¬ 

tion of a gas particle before the metastable reaches the wall 

is also increased. Thus in the limit of high pressure essentially 

t t 
every entering metastable produces an ion and the ratio I /j will 

tend to a limiting value, y may then be obtained from 

, . I T+ ' Ixm / - J \ 
Y P-*» J _ t 

■L+ 
Table 2 shows the values of y obtained for helium metastables 

using the three methods that have been mentioned. Argon and N 
2 

were the gases used in these measurements. 

The assumption on which equation 1 and the resulting three 

methods for determining y are based, is that for each metastable 

destroyed in the cell (except by scattering to the walls) exactly 

one ion is produced. Recent work by Piper et al.76 on Argon 

metastables suggests that this is not necessarily the case as 

quenching without ion production may be quite efficient in some 

cases. This prompted further work in this laboratory using a 

variety of target species in the gas cell resulting in the values 
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of y shown in Table 3. These results clearly cast doubt on the 

validity of the argon-based y values although it is difficult to 

imagine deexcitation of helium metastables in collisions with argon 

and other atoms without ion production. Nevertheless, it is important 

to develope alternate methods for determining y. To this end, a 

new but essentially similar technique is currently being employed 

whereby a fraction of the metastables is destroyed not by Penning 

ionization but instead by photoionization. No results are yet 

available. 

Before assessing the uncertainty in y, there is an additional 

experimental result to be considered. The photoionization cross 

sections for both helium metastables have been measured in this 

laboratory48. Since the metastable flux (and hence y) must be 

measured in order to determine the photoionization cross section, 

the good agreement between these experiments and the result of 

several accurate calculations may be taken as evidence of the 

accuracy of the measured y's. 

The systematic error in y due to all sources except the 

target gas effect is 12.5$ which encompasses the value inferred 

by the photoionization work. Although larger uncertainties would 

be required to encompass the values of Table 3> it appears at 

this time that the main body of evidence supports the contention that 

the true value of y lies within +12.5$ of the preferred value 

of Table 2. 

Another potential source of error is due to the presence of 

ultraviolet photons in the beam. A plot of total secondary 

electron current versus pressure in the collision chamber can be 



Table 3 - Values of y Obtained with Various Gases 
 ^  Lm .  

Gas Y23S 

Ar .72 • 57 

Kr •65 •55 

H. • 57 •51 
2 
N •70 •57 
2 
CO •76 .65 

NO .60 • 55 

0 •75 .68 
2 
CO • 57 •59 
2 

C H .61 •65 
2 2 
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used to determine the secondary current due to photons in the 

beam3,60,6:i. This photoelectron current has been measured to 

be less than 3$ of the total secondary current. It is easy to 

show that the error introduced by photons in the beam is insignificant 

by using knowledge of the secondary electron ejection coefficient 

for photons63 in conjunction with the known photoionization cross 

sections for constituents of the target beam64'’65. 

The presence in the beam of atoms in high Rydberg states of 

helium constitutes another potential source of error. Atoms with 

principal quantum numbers greater than about 200 have natural life¬ 

times sufficiently long for them to reach the interaction region. 

Although such atoms should be ionized by the electric field used 

to remove charged particles from the beam, an auxiliary test has 

been performed to detect such atoms. It is thought77 that the 

reaction 

He + SF - He + SF 
6 6 

has a cross section of ~ 10 12 cnF. If the metastable beam is 

crossed with a beam of SF , the presence of significant numbers 
6 

of atoms in high Rydberg states should be indicated by the 

appearance of He+ ions which may be detected using the mass 

spectrometer. The test was performed with negative results3. 

2) The He(21S) quench. 

It is important that the helium discharge lamp remove 

essentially all the singlet metastables from the beam since failure 

to do so would result in error. On a daily basis therefore quenching 

is checked by varying the discharge current. As this current is 

increased from a low level, the metastable flux will fall as an 
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increasing number of singlets are destroyed. Above ~ 35 ma however, the 

metastable flux becomes independent of the discharge current. This is 

taken as indicative of complete 21S quenching. An additional test is 

required, however, to demonstrate complete quenching unequivocally since 

an increase in discharge current does not necessarily imply a similar 

increase in the quenching radiation that escapes from the lamp. To 

verify that the quench does in fact operate properly, the metastable 

beam was irradiated with light, from a dye laser, which was capable of 

ionizing the singlet metastable but not the triplet. With the quench on, 

no photoion signal was detected indicating that more than 98$ of the 

singlets were destroyed by the discharge radiation. 

3) The mass spectrometer. 

The expression obtained in Chapter II for the cross section 

Hh Hr 
requires signals of both 0 and 0 produced by the metastable beam 

2 

and the electron beam be measured. Ideally this would be accomplished 

by tuning the spectrometer to the center of each mass peak and counting 

long enough to obtain a small statistical error in the ion signal. It 

* 
was found however that the ionic products from He - 0 collisions are 

slightly more energetic than those from e - 0 collisions. This results 

in somewhat lower collection efficiency at the center of the mass peak 

in the former case than in the latter so that it is not possible to 

obtain the correct cross section by measuring only the height at the 

center of each mass peak. It is possible however to utilize a method 

using the area of a mass peak so that particles in the wings of the peak 

are properly accounted for thus obtaining high effective collection 

efficiency essentially independent of ion energy for near-thermal ions. 

In order to determine a proper integration algorithm, consider figure 4 
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which shows two rays through the sector magnet. Applying the law of 

cosines to the triangle ABC in figure 5 gives 

y2 + (Ar)2 - 2yAr cosa = r 2 
2 

Using the quadratic formula this may he solved for y: 

y = Areosa + r [l - (Ar/r)2sinPa]s 
2 

°* Areosa + r [l - V2(Ar/r)2siEpa] 
2 

=“ Arcosa + r 
2 

where a binomial expansion has been employed and terms of order ( Ar)2 

have been neglected. 

But from the figure it is clear that 

so 

or 

y + Ay = r 
1 

= r + Ar 
2 

Ay = r + Ar - y 
2 

= Ar(l - cosa) 

ÈL = 
Ar 

1 - cosa M. M 
AB Ar 

Using the relationship 

mvc 
r = ~rr~ eB 

it follows that 

Ar _ _r 
AB “ B 

(III- 2) 

(III- 3) 

and equation III-2 "becomes 



Figure 3 ~ The Mass Spectrometer 

A 
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|| = -r(l - cosa)/B = k7B (III- 4) 

where k* is a constant for given slit location. 

In order to obtain an integrated signal that is independent 

of B (and hence independent of particle mass) it is necessary to plot 

ion signal versus some function F(B) such that 

.ffi-Y = const. 
MB) 

This is done by multiplying equation III-4 by B to obtain 

Ay _ , 
(AB/B) k 

or 

ÆBT = (m-5) 

Thus demonstrating that the movement of a particle across the plane 

of the detector slit is linear in the logarithm of the magnetic field 

strength. This implies that the area of a mass peak is obtained by plotting 

count rate versus InB and numerically integrating. This procedure was 

used in determining each of the ion signals appearing in the expression 

for the cross section given in Chapter II. 

4) The path length correction. 

An important term in the expression for the cross section 

is the path length correction 3, given by equation II-8 which arises 

* 

because of the different relative velocities in He - 0 and e - 0 

collisions. In order to evaluate 3, the velocity distribution for each 

beam must be known. 

For the target beam, the velocity distribution t(v^.) is 

straightforward. It is given by a Maxwellian distribution modified 
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by an extra factor of v to account for the fact that fast particles 

effuse out of the oven more rapidly than slow particles66'67. That is 

f(vt)dvt = Av
3exp(-mtvt

2/2kTt)dvt (ill- 6) 

The constant A is chosen such that 

r '(-A -1 

• o 

The metastable velocity distribution has been measured by a 

time of flight technique83 as follows. The electron gun that produces 

the metastables is switched on for a time short compared to the residence 

time of the helium atoms in the excitation region. Measurement of the 

arrival times of these metastables at the detector enables the distri¬ 

bution of metastable velocities to be found. If a modified Maxwellian 

distribution of the form 

f'(v )dv “ v nexp(-m v 2/2KT ) (ill- 7) 
mm m m m ' m 

is assumed78, the value of n = 5-0^.1 found graphically (T is taken 

to be 300°K). 

However f'(v )dv is not the desired distribution function 
m m 

since it is appropriate to pulsed operation of the electron gun. Under 

conditions of continuous operation the slower atoms are exposed to the 

electron beam for a longer time than the faster ones with correspondingly 

greater probability for excitation. To account for this, a factor of 

vm
_1 must be introduced to the distribution of equation III-7 to give 

f(v )dv °c v _:L f'(v )dv 'mm m 'mm 

= Cv 4exp(-m v 2/2KT ) dv 
m mm' m m 

(III- 8) 
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Where again the constant C is chosen to satisfy 

f(v )dv = 1 Jo m m 

Using equations III-6 and III-8, the expression for the path 

length correction may he evaluated. Although not amenable to analytic 

solution, p can be found by numerical integration to have a value of 

j 

0.642 for He - 0 collisions under the conditions of this experiment. 

5) Excited states of oxygen molecules. 

Two potentially serious sources of error arise from the 

possibility of excited oxygen molecules existing in the target beam 

when the oven is operating at high temperature. Of particular concern 

are molecules that are l) vibrâtionally excited or 2) electronically 

excited, especially to the a,x&,_ metastable state. These two cases 
o 

will be considered in turn. 

The signal of 0+ ions due to Penning ionization of the atomic 

component of the target beam by metastables has been shown to be 

S=S, - R S 
m + • m „ 0 ,m 0 ,m 

2 

Where R = S', /S' , is indicative of the ratio of dissociative 
m .+ ' „ + 

0 0 
2 

ionization to nondissociative single ionization. Analogous expressions 

for electron ionization were also derived earlier. Both R and R 
m e 

are observed to vary somewhat with oven temperature. This change is 

attributed to population of vibrational levels of the ground electronic 

state. (At the normal oven temperature of 2100°K, the vibrational 

populations for a Boltzmann distribution are: v = 0: 65.7$ 

v = 1: 22.4$; v = 2: 7.8$ ; and v = 3: 2.8$) 
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To account for this effect the values of R and R were 
m e 

measured at three convenient temperatures and the values at ~ 2100°K 

were values inferred by extrapolation. As shown in figure 5> the 

variations in R and R are not small, but the cross sections are 
me 3 

not very sensitive to the values of R and R used. The error in the 
me 

cross sections due to uncertainty in Rm and Rg is expected to be 

< 4$. 

It is also important to consider the possibility of forming 

molecules in excited electronic states that under certain conditions could 

be quite difficult to detect. There are states of 0 lying near the 
2 

ground state that are metastable with lifetimes greater than the time 

required to reach the collision region from the oven. The most important 

of these is likely to be the a1^ state which is only a volt above the 

ground state and has a lifetime of 2.7X103 seconds66. (Two other 

states, the b1!] + and the C3^.» are also metastable54 but are relatively 

far from the ground state having excitation energies of 1.64 and ~ 4.2 eV 

respectively.) (See figure 4 for a term diagram of 0 .) In Appendix 2 
2 

it is shown that if equilibrium were obtained between the ground state 

and the a1Ag state at the temperature of 2100°, the population of the 

metastable state would be less than 1$ of the ground state population. 

The a1As concentràtions are thus expected to be small in the absence 
O 

of a process that preferentially populates this state. However, suppose 

that the a1^g state was rapidly populated by recombination of oxygen 

atoms in the source. This would be a difficult event to detect since 

the onset would occur under the same conditions as those giving sig¬ 

nificant dissociation fractions, i.e., large atomic oxygen concentrations 

in the source. 



Figure 4 - The Variation of and With Temperature 
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It is to be noted however that such a tendency to form a 

particular electronic state preferentially is not expected from 

2 6 

consideration68 of the molecular states formed from separated atoms. 

For the case in question 0(3P) + 0(3P) -» 0 , eighteen electronic 
2 

states are possible, of which six are bound. Including statistical 

weights of the bound, states only one-eight of the collisions between 

ground state oxygen atoms would be expected a priori to form 0 (a1A )• 
~   2 g 

It can also be shown (Appendix 2) that in equilibrium the 

same conditions that result in 20$ dissociation of the X3S " state, 
g * 

would give >90$ dissociation of the a1A state 
g 

Thus the conclusion is that significant numbers of 0 
2 

molecules in metastable states are not expected in the target beam 

under the conditions, used in this experiment. 

6) Electron impact ionization cross sections. 

Electron ionization cross sections for atomic oxygen, Q , 

have been measured by Fite and Brackmann69, Rôthe et_ al.7°, and 

Boksenberg .71 The results of these three experiments have been 

critically reviewed by Kieffer and Dunn57, from whom figure 6 is 

taken. 

The ratio Q /Q, (where Q, is the total electron impact ioniza- 
x X % 

tion cross section for 0 ) is the quantity measured in each experiment 
2 

Q is then obtained using the value of Q^. measured by Tate and Smith72 

It can be seen that the results of Fite and Brackmann are in good 

agreement with those of Rothe et al. while Boskenberg's values are 

considerably higher. It is likely that the results of the last author 

are in error since his data, when compared with the results of Rapp 

et al.T3, indicate that not all dissociative 0+ ions were collected, 

which would cause an overestimate of Q /Q.. It is less clear, but 
l t 



Figure 6 - Electron Impact Ionization 
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seems likely, that the results of Fite and Brackmann are more accurate 

than those of Rothe et al. again due to possible incomplete collection 

Hh 
of dissociative 0 ions in the latter experiment. In a practical 

sense however, the choice between the values of Fite and Brackmann and 

those of Rothe et al. is not critical since agreement between the two is 

quite good. The cross section at 500 eV, the electron energy used in 

the current experiment, has been taken to be .8TTrao
2 • 

The uncertainty in the electron ionization cross section is 

difficult to assess. Kieffer and Dunn contend that no electron 

impact ionization cross sections have been measured to an accuracy of 

better than 10$. Accordingly, it will be assumed that the measurement 

of Fite and Brackmann is accurate to +10$ as is. the value Q^_ of Tate 

and Smith. The total RMS uncertainty in is then =“ 15$. 
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B. Results 

Table 4 lists the results of the measurements on Penning ioniza¬ 

tion of atomic oxygen by helium (21S, 23S) metastable atoms showing 

values for Q(23S) and Q(21S)/Q(23S). The uncertainties quoted in the 

table are due only to counting statistics and represent one standard 

deviation from the mean. 

Because of its atmospheric interest, the major emphasis was on 

the triplet cross section. It can be seen that there is considerable 

scatter, in the values for Q(23S) due principally to variations in the 

atomic oxygen number density over the course of a run which typically 

lasted 10-12 hours. 

To measure Q(21S) it was necessary to turn the helium discharge 

lamp on and off. Consequently, the machine time required to obtain 

this number is greater than that required to obtain a triplet cross 

section. However, a benefit résulte in that the cross section ratio 

Q(2XS)/Q(23S) is obtained which is independent of the electron ioniza¬ 

tion measurements. Although Q(21s) scattered greatly, again due to long 

term target beam fluctuations, it was possible to determine the ratio 

Q(21S)/Q(23S) to an accuracy of 13$ in only three measurements since 

singlet and triplet signals are measured in rapid succession. 

Q(21S) is then obtained using the value for Q(21S)/Q(23S) together with 

knowledge of Q(2sS). 

Table 4 also shows the weighted average75 of the triplet and 

singlet cross sections, Q(23S) = 44A2 and Q(21S) = 125A2. The 

uncertainties shown for the cross sections again represent only 

statistical error. 



Measurement 
Number 

Table 4 

QgSg + CT A2 ^Ig/QgSg + a. Qglg + <7 

1 35-1 + 6.8 

2 34.3 + 8.3 

3 47.4 + 10.8 

4 59-9 + 16.7 

5 39.1 + 11.4 

6 44.3 + 18.8 

7 56.1 + 8.7 2.85 + .63 

8 79.5 + 17.3 2.97 + .87 

9 40.2 + 15.9 2.82 + •57 

Weighted Mean 43.7 + 3-9 2.86 + 

00 • 

The weighted average is obtained as follows: 

Q = [2 (Qi/ai
2)]/[E (l/aj2)] 

a = l/[E (l/a^2)] 
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The other principal sources of error are due to uncertainty in Q 
l 

(+15$) and in y (~ 12.5$)* The total uncertainty is determined as 

the RMS sum of the individual errors giving +21$ in Q(23S) and +25$ 

in Q(21S). 

Another quantity of some interest atmospherically is the cross 

+ * 
section for HeO production in He - 0 collisions. It has "been 

suggested80 that dissociation of this molecular ion might provide sufficient 

energy for helium atoms to escape from the atmosphere. No HeO ions were ob¬ 

served in this experiment but their formation and swift dissociation can¬ 

not be excluded. 

The theoretical work that has been done on the He - 0 collision is 

quite limited. The only published theory7 is based on an orbiting 

model of the collision assuming a Van der Waals interaction of the form 

V(R) = - CR
-6 

where C is determined by the polarizabilities of the metastable atom 

and of the target particle. 

A classical analysis shows that in collisions with impact parameter 

less than 

Po = ^'ii>/0 

that dR/dt is negative, and consequently the particles spiral toward 

each other until either a radius is reached such that the potential 

becomes repulsive or until reaction occurs. The cross section for such 

a close collision is 

% ’ "Po 



50 

which represents an upper limit to the Penning ionization cross 

section since only a fraction of the close collisions is likely to 

result in ionization. Table 5 compares the experimentally determined 

cross section with the values of Qc obtained by Bell et al. 

It can be seen that the experimental results would indicate a 
* 

stronger He - 0 interaction potential than that assumed by Bell et_ al., 

especially for He(21S). A similar effect is observed in the Penning 

ionization of hydrogen atoms for which the cross section is nearly equal 

to the cross section for close collisions. Accurate potential curves 

have been calculated for the He - H system82 which indicate 

that the Van der Waal's interaction is applicable only at large inter- 

nuclear separations. 



Table 5 - Penning Ionization of 0-Atoms 

By Helium Metastables (Ecm = 0.1 eV) 

Q(21S) Q(23s) 

Present Results 125 44.0 

Orbiting Approximation 57-5 49-5 

Q(21S)/Q(23S) 

2.9 

1.2 



Chapter IV 

5 1 

ATMOSPHERIC IMPLICATIONS 

If the cross sections for production and loss of helium 23S meta- 

stahles are known, then used in conjunction with an assumed model atmosphere 

and knowledge of the intensity of solar UV radiation the distribution of 

such metastables with altitude may be calculated. This done, it is 

possible to determine the intensity of scattered solar radiation to be 

expected from the distribution and compare the predicted intensity with 

observation. This chapter reviews such a calculation as reported by 

Rundel and Stebbings8. 

In order to obtain the metastable distribution as a function of 

altitude, the following coupled differential equations55 are solved 

for n, the number of He(23s) atoms per cubic centimeter at altitude z. 

(IV- 1) 
dn 
dz 

n £ 
H " D 

= k n(He) -n[k + k n(0) + k n(0 ) + k n(ïï )] (IV- 2) 
dZi 23 4252 

where $ is the upward flux of 23S metastables, H is the scale height of 

ground state helium atoms, D is the diffusion coefficient for the meta- 

stables, n(x) is the density of species X, k^ is the production rate 

(per helium atom) of metastables by the reaction 

e + He(l1S) - e + He(23s) (IV- 3) 

k is the loss rate (per metastable) by photoionization 
2 

He(2sS) + -* He+ + e (IV- 4) 
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and k , k , and k are reaction rates for the process 
3 4 5 

He(23S) + X - HeU3^) + ION + e (iV- 5) 

for X respectively 0, 0 , and N . 
2 2 

Equations IV-1 and IV-2 may be understood as follows. Equation IV-1 

is just the rate of decrease of concentration with altitude. The first 

term comes from the usual assumption of hydrostatic equilibrium 

dp = -p gdz (IV- 6) 

where p is the pressure, p is the mass density and g is the acceleration 

of gravity. Using the ideal gas law 

p = nk.T 

equation 6 becomes 

(IV- 7) 

d£ = _ 
P 

2£ dz 
k-T 

dz 

H 
(IV- 8) 

k rn 
where H = ^ is the scale height. Although equation IV-8 may be integrated 

to obtain the familiar exponential pressure law, for present purposes 

it is only necessary to observe that (dp)/p = (dn)/n for an isothermal 

gas so that equation IV-8 may be written as 

dn n 
dz " H 

(IV- 9) 

which is the first term on the right hand side of equation IV-1. 

The second term accounts for modifications of the above density 

gradient due to the possibility of vertical diffusion of metastables. 

If & is the mean free path at altitude z, then the flux of particles pass¬ 

ing through a unit area at z per unit time from below is just the 

number between z - JL and z that have upward velocities: 
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0 =Hn (z -l) 
1 6 

Similarly the flux per unit area per unit time travelling downward is 

0 = i: y n (z + &) 
2 6 

The total upward flux is then 

0 = 0-0 

= i v n (z - l) - - v n (z + i) 
6 6 

_ 1 v [n(z - a) - n(z + JO] 

(IV-IO) 

<-2 ■*> S 
= -D ~ 

dz 
(iv-ii) 

where D = — vj£ is the diffusion coefficient. From equation IV-11 it is 
3 

seen that the metastable concentration gradient due to diffusion is 

dn _ 
dz D 

(IV-12) 

Combining equations IV-9 and IV-12 gives equation IV-1. 

Equation 2 is a statement of continuity. The total derivative of 

metastable concentration with respect to time is just equal to the 

difference between the production rate and the loss rate 

H+V • 0 = p - L (lV-13) 

where P is the production rate due to reaction IV-3 (figure j) and 

L is the sum of the loss rates due to photoionization (equation IV-4) 

and chemiionization (equation IV-5). Eqeetion IV-13 may be simplified 

since 1) steady state solutions are sought—implying — = 0 and 
ou 

2) horizontal motion is not considered—implying ^ ^ = 0. The 

equation thus reduces to 
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§7 = k n(He) - n[k + k n(o) + k n(0 ) + k (N )] (lV-2) 
azi 2 3 4252 

In order to solve equations IV-1 and IV-2, a boundary condition 

at the top of the atmosphere is applied. In accordance with Patterson's 

treatment, the flux 0 of metastables is taken to he zero at high 

altitudes. Specifically, at z = 800 km equations IV-1 and IV-2 are 

approximately 

dn 
dz 

n 
H 

(iv-l4) 

— = k n(He) - nk (lV-15) 
az ■ 1 2 

where the loss rates due to chemiionization are assumed small. If 

k is assumed to decrease with a scale height of H' above 800 km, 

then equation IV-15 may be integrated to yield 

0(800) = k^n(800) - ^~^-jn(He, 800)k (800) (lV-l6) 

After assuming a value for H', based on the scale height for the neutral 

species from which fast photoelectrons are produced, the value of n(800) 

is chosen so that the solution obtained by the numerical integration 

of equations IV-1 and IV-2 decreases to zero at low altitudes. The 

parameters used in the calculation are given in the published paper8. 

Solutions have been obtained for two values of the exospheric 

temperature, T^O’K and 1500*K, for both summeroand winter conditions. 

The production and loss rates for metastables as a function of altitude 

are shown in figures J and 8. The He(23S) concentration as a function of 

altitude is shown in figure 9* The column density of metastables ranges 

up to 9xl07/cn^ (column). The predicted resonant scattering intensities 

are shown in figure 10, as are the observations reported by Christiansen. 



Figure 7 - He(23s) Production Rate 
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Figure 8 - He(g3s) Destruction Rate 

(^CGSI 3ivy Nouonaisaa aiavisviaw 

AL
T.
 (

K
M

) 



Figure 9 - H.e(23S) Density 
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Figure 10 - Resonant Scattering Intensities at 10,850A 

SHOGIAVd 

J 
F

W
 A

M
 J
 

J 
A

$
 O

 N
D
l
J
 F

 M
 A

 M
 J
 
J
A

S
O

N
 Q

ij
F

M
A

M
 J
 
JA

 
S

O
N

D
j
J 

F
M

A
M

J 
J 

A
S

O
N

O
'j
F
 
M

A
M

J
J
A

S
 
O

N
O

 

1
9
6
S

 
1

9
6

7
 
1

9
6

8
 
1

9
5

9
 
1

9
7

0
 



Agreement is seen to be quite good considering the intricacies of the 

problem and the simplifications that are necessary. 
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CONCLUSIONS 

The cross sections for the Penning ionization of atomic oxygen 

by helium (21S, 2sS) metastables have been measured for the first time. 

The cross section for the He(23s)-0 collision is vital for calculations 

of the loss rate for triplet metastable atoms in the atmosphere. This 

knowledge has permitted improved calculations of the 23S population 

in the atmosphere to be performed. The results are in much better 

agreement with observation than previous calculations which have of 

necessity relied on estimates of this particular cross section. 

The crossed beam apparatus used in this experiment although designed 

specifically for. chemiionization measurements has been modified to study 

a range of other processes, in particular the interaction of light with 

atoms and molecules. Thus, although chemiionization reactions of interest 

both aeronomically and theoretically remain to be studied, the thrust 

of work in the immediate future is expected to be in the utilization 

of the beam apparatus in conjunction with one or more of the high 

power tunable lasers that are available in this laboratory. 

A great deal of work has' already been completed along these lines. 

For example, photoionization cross sections of helium48 and argon84 

metastables near threshold have been measured. In addition autoionization 

in argon85, kryton85, and xenon86 have been observed as well as two 

photon processes in metastable helium86. These experiments demonstrate 

the feasibility of using a pulsed laser to study numerous excited states. 

It is anticipated that the laser used in the above experiments will soon 

be complemented by a CW dye laser which will permit study of properties, 

including lifetimes, collision cross sections, etc., of states that lie 
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within a few millivolts of the continuum. 

In short, although the completion of the present experiment 

signaled the end of a significant phase of research in this laboratory, 

the future may easily prove to be even more exciting than the past 

has been. 
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Appendix I 

Oven Construction 

The oven is a side-fire design constructed from a 3" x l/8” OD x 

.010” wall iridium tube obtained from Englehard Industries, J00 Blair 

Road, Cartarete, New Jersey O7OO8. The beam forming aperture, made 

using a carbide bit in a high speed drill, is .O3O" in diameter. The 

oven is resistively heated by an alternating current of 125 amperes, 

typically operating at 2100°K. 

There are two principal engineering problems to be confronted 

in designing the furnace and related components: l) the tube must 

be allowed to expand when heated as iridium is quite brittle and 

cannot be expected to bend without damage, and 2) electrical continuity 

must be maintained. It has proved possible to meet both these condi¬ 

tions by using a slip-fit mount. The ends of the tube were sanded 

until they were round in-cross section. Two stainless steel holders 

were then machined to provide a smooth fit over each end of the tube 

for a distance of 3/8". The holders were securely attached to a 

pair of rigid water-cooled copper bars in such a way that the tube 

was free to expand at high temperature. 

In order to reduce radiative losses and thereby ease continuity 

problems, two heat shields were mounted. These shields, made of 

either tantallum or tungsten, oxidize badly but work well. 

The present oven has been used for over 100 hours and is still 

serviceable although some fracturing around the aperture is visible 

at high temperatures. 



AII-1 

Appendix II 

Calculations on 0 (a1A ) Concentrations 
2 g 

in the Target Beam 

The law of mass action states that the equilibrium condition 

for the chemical reaction 

A^B + C AII-1 

is 

K = [B][C]/[A] All-2 

where the equilibrium constant K is determined by the partition 

functions of the species involved, viz., 

K
 = V V

Z
A All-3 

This appendix deals with two cases of equation AII-1 in order to 

demonstrate that the presence of significant numbers of 0 (a1^ ) mole- 
2 g 

cules in the target beam is not expected. First, the ratio of 0 (X3E ) 
2 g 

concentration to 0 (axA ) concentration will be shown to be quite 
2 S 

small at equilibrium even at high temperature. However, it is not 

inconceivable that a situation could arise resulting in preferential 

formation of molecules in the axA state in the oven. It can be 
g 

shown that such molecules are much more easily dissociated than mole¬ 

cules in the ground state. Evaluating the relative dissociations 

of molecules in these two states is the second calculation performed 

in this appendix. 

A. Equilibrium Values of [0 (a1A )]/[9 (X3£ )] 
2 g 2 g 

The reaction of interest first is 

0 (X3!]") ^0 (a\) . 
2 g 2 g 

All-4 



All-2 

The equilibrium constant is 

= Z(axA )/z(x3lf) 
g g 

All-5 

Molecular partition functions are given in statistical mechanics 

Translational Partition Function - 

All-6 
2 

Electronic Partition Function - 

ZE = g exp(+E/kT) All-7 

Rotational Partition Function 

Zr= Kr/2hcE^ AII-8 

Vibrational Partition Function - 

Zy = l/(l-exp[-hcœe/kT]) All-9 

where V is the volume of the container, h is Planck's constant, 

HIQ is the mass of an oxygen molecule, k is Boltzmann's constant, and 
2 

T is the temperature. Bg is the rotational constant related to the 

moment of inertia of the molecule, u>e is the vibrational spacing term, 

g is the degeneracy of the state, and (-E) is the binding energy of 

the molecule measured from the separated stationary atom energy. The 

values of the parameters E, Bg, and g are given in table 6. 

The equilibrium constant as given by equation AII-5 may now be 

evaluated. However since the molecular constants B and u) are nearly e e 

the same for the two molecular states, the rotational, vibrational 

and translational partition functions for the two states are essentially 

equal. This means that the only significant terms in are the 

electronic partition functions, and is approximately 



Table 6 - Molecular Constants68 

for Some Electronic States of 0 
2 

State E(eV.) UU (cm"1) 
e 

Be(cm"1) g 

X
3
E" 

g 
5.080 1580.4 1.446 5 

axA 
g 

4.10 , 1509.5 1.426 2 

5.44 1452.7 1.400 1 



All-3 

K^CgCa1^ )/g(x3E")]*exp-[E(X3E")-E(a1A )]/KT . All-10 
1 g g g g 

If T is taken to te 2100°K, then K ~ .002 indicating that fewer than 
X 

1$ of the 0 molecules in the team should te in the a1^ metastatle 
2 ê> 

state. 

This demonstrates that concentrations of 0 (a1A ) molecules in the 
2 g 

team will te low if thermodynamic equilibrium is obtained. 



All-4 

B. Thermal Dissociation of 0 (a3-^ ) Molecules 
2 g 

Suppose molecules in the a3A state were preferentially produced 
S 

in the source. What can be said about the extent to which these 

molecules would be removed from the beam by thermal dissociation? 

An indicator of the expected metastable molecule concentration in 

the beam may be obtained by comparing the dissociation of the ground 

state molecules with the dissociation of molecules in the a3^ state. 
g 

The reaction of interest is 

0 5* 20(SP) All-11 

where the oxygen molecule is in either the ground state or the a1A 

state. The equilibrium constant is 

K - [Of AO ] 
2 2 

= [z(o(3p))}2/z(o ) 
2 

g 

All-12 

All-13 

The molecular partition functions are given in the preceding develop¬ 

ment . 

For atoms, the total partition function is the product of only 

electronic and translational parts. The latter is given by equation 

All-6 where the mass is now to be taken as one half the molecular 

mass. The electronic partition function is just equal to the degeneracy 

of the 3P ground state since the energy zero is given by the separated 

atom energy. Thus 

Ze[0(
3P)] = 9 AII-14 

The equilibrium constant K can be shown to be 
2 

3/ 1/ 
l8(Trmn) 

/2V(kr) /2CB exp(-E/KT) 
   2 (1-expC-hcuj /kT]) All-15 

g(0 ) h2 
2 

K 
2 



It now remains to relate K to the dissociation fraction D. To 
2 

do so, it is helpful to assume that constant mass flow is obtained and 

that the temperature of the beam is constant. 

With no dissociation, the mass flux of the molecular species 

through an aperture of area A is 

F’ = r DI. n' v A 
2 4 0 2 2 

2 
where primes (') denote D=0, mA is the molecular mass, n ’ is the 

°2 a 

number density of molecules and v is the mean molecular velocity. 
2 

If a fraction D of the molecules are now dissociated, the mass 

flux and number density of molecules are given respectively by 

F = (l - D)F ' 
2 2 

and 

n = (l - D)n ' 
2 2 

= [0 ] AII-16 
2 

The mass flux of atoms is 

F = £ mAn v A All-17 
l O i i 

The atomic number density may be found by imposing the requirement of 

constant mass flow, so that 

F = F ' - F 
12 2 

= DF 1 

2 
All-18 

Since mA = 2mn and v = v //2, equations AII-17 and 18 imply 
ü U 2 1 

a = /2 Drx 1 

1 2 

= [0] All-19 

By substituting AII-16 and 19 into All-12, K is seen to be 

K = All-20 
2 1 - D 

Equation All-20 may be solved for D to give 
K 8n ' l 



All-6 

Using the values of table 6, K may be evaluated from equation 
2 

All-15 for the reactions 

0 (X3S“) *=*20(3p) 
2 g 

AII-22 

and 

0 (axA )^20(3P) 
2 g 

All-23 

Equation AII-21 may then be used to calculate the dissociation 

for the reactions All-22 and All-23. For the same conditions giving 

10-20$ dissociation of the ground state as obtained in this experiment, 

the dissociation of the axA state ranges from 91$ to 97$* This 
g 

suggests that those molecules that might be formed in the axAg state 

will be readily dissociated and are not likely to contaminate the 

target beam. 

The conclusion drawn from the calculations in this appendix are 

that molecules in the axA state are not expected in the target beam 
g 

even if they were readily formed in the source. 
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