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ABSTRACT 

CROSS SECTIONS FOR DOUBLE IONIZATION OF 

ATOMIC OXYGEN BY ELECTRON IMPACT 

by 

Daniel L. Ziegler 

Laboratory measurements of the cross sections for 

double ionization of atomic oxygen by electrons are pre¬ 

sented for collision energies from threshold to 400eV. 

This process displays a maximum cross section of about 

0.05^ at a collision energy of approximately 200eV. 

These absolute cross sections were obtained from measure¬ 

ments of the ratio of the cross sections for double and 

single ionization, coupled with absolute cross sections 

for single ionization previously measured by other inves¬ 

tigators. The configuration and operation of the apparatus 

for these measurements are described. Procedures used to 

assess the effects of oxygen excited states on the measure¬ 

ments are reported. 
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CHAPTER 1 

INTRODUCTION 

In recent years concentrations of 0 on the order of 

0.3 particles per cubic centimeter have been measured by 

1 2 
the GEOS 1 satellite in the earth's plasmasphere. * At 

times local 0++ concentrations that were 30% as large as 

those of 0+ were recorded by GEOS 1. Voyager data indi- 

cate that in the Io torus 0 concentrations are sometimes 

on the order of several hundred particles per cubic centi¬ 

meter, and thus may actually exceed the local 0+ concentra- 

tions. A knowledge of the cross sections for double 

ionization of atomic oxygen by electron impact is necessary 

to elucidate which processes are important in 0++ production 

in these regions. 

Until now no experimental determinations of the cross 

sections for double ionization of atomic oxygen by electrons 

have been made. Further, theoretical studies have not 

yielded reliable estimates for this cross section due to the 

complexity of the double ionization process. 

Quantum mechanical attempts to model cross sections 

for double ionization have been limited to the simplest case 

4 5 6 7 8 of helium and helium-like ions. • * * • Even in this case 

these computations are hampered by the difficulty of finding 

wave functions which accurately account for the interactions 

between the particles in the post collision ensemble, which 

consists of the doubly ionized core and 3 electrons in the 
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continuum. These interactions are particularly important 

to consider for collision energies from threshold to a few 

hundred eV, since in this energy range the electrons will 

move slowly away from the nucleus, and have ample time to 

interact. The best quantitative, quantum mechanical com¬ 

putations of the cross sections for the double ionization 

of helium, in low energy collisions with electrons, fall 

9 10 
lower than observations ' by about a factor of 2. As yet 

no quantum calculations have yielded cross sections for the 

double ionization of atomic oxygen by electron impact. 

A classical theory presented by Gryzinski^ can be 

used to obtain quantitative cross sections for the double 

ionization of oxygen. However, in a classical formulation 

the double ionization process is actually an insoluble many 

body problem. Therefore the reaction is approximated as a 

series of 2 body interactions, which is not a good approxi¬ 

mation at low collision energies. Also, the initial dis¬ 

tribution of the bound electrons is taken to be spherical 

and uniform, which is probably not an accurate representa¬ 

tion of the outer p shell electrons of oxygen. Finally, 

the wave nature of the interacting particles cannot be 

taken into account by the theory. This classical treatment 

yields cross sections that are approximately an order of 

magnitude larger than the present experimental results. 

As one can see, until now no reliable estimates of the 

cross sections for the double ionization of oxygen by elec¬ 

tron impact have been available. In fact, some 
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investigators have utilized the double ionization cross 

sections for other elements in order to obtain an estimate 

of the double ionization cross sections for oxygen. 



CHAPTER 2 

APPARATUS 

The apparatus for this experiment is shown in Figure 

12 
2-1. It has been described in detail by Rundel et al., 

therefore only a brief outline of the apparatus is given 

here. 

2.1 Neutral Beam Production 

An ion beam is extracted from a magnetically confined 

electron arc ion source containing Typically the 

gas pressure in the source is maintained at about 400 m Torr 

and the electron arc voltage is 40 volts. The ions formed 

in the source are accelerated to 1500eV and then focused 

by an electrostatic einzel lens. After collimation the ion 

beam is magnetically momentum analyzed to produce a pure 0+ 

beam. 

The 0+ beam is partially neutralized by charge transfer 

with N2 in the Charge Transfer Cell (CTC). A 7800 V/cm 

field between two plates following the CTC ionizes the 

. 14 
highly excited oxygen atoms with n > 19, and deflects 

the resulting ions out of the beam, along with the ions 

that were not neutralized in the CTC. Procedures to assess 

the effects of long lived excited atoms in the neutral beam 

with n<19 are described later in this thesis. 

After neutralization the beam is collimated by two 5mm 

diameter circular apertures separated by 60cm. Just after 
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entry into the interaction chamber the beam passes through 

a 140 V/cm field between two small plates, which sweeps 

out ions formed from the neutral beam by collisions with 

the background gas. Typical neutral beam fluxes in the 

interaction chamber are on the order 10^ atoms per second. 

2.2 Signal Production and Detection 

The electron beam crosses the neutral beam in a field 

free interaction region. Product ions are formed by means 

of the reactions 

0 + e - 0+ + 2e (2-1) 

0 + e - 0++ + 3e (2-2) 

Since the momentum of the oxygen atoms- is large relative to 

that of the electrons, the product ions are not appreciably 

scattered off axis. 

Immediately following entry into the detection region 

either the 0 or 0 ions can be directed into a five grid 

retarding potential energy analyzer by means of an elecro- 

static deflection system. After passage through the energy 

analyzer the ions are deflected upward, by a pair of cyl¬ 

indrical electrostatic deflection plates, into a Johnston 

Laboratories MM1 electron multiplier (see enlargement in 

Figure 2-1). Typical count rates are 50 counts/sec for 

0+ and 2 counts/sec for 0++. 

The primary purpose of the retarding potential energy 

analyzer is to reject 0+ ions formed in stripping collisions 

with the background gas. 
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0+X-»0+ + X+ e- 13.6eV (2-3) 

Even though the background gas pressure in the interaction 

—9 
and detection chambers is about 3x10 Torr, reaction (2-3) 

produces typically about ten times as much 0+ as the elec¬ 

tron impact reaction. It is important to observe, however, 

that due to the kinematics of reaction (2-3) an oxygen atom 

will lose at least 13.6eV of kinetic energy in the stripping 

process. Therefore the 0+ ions formed in stripping reac¬ 

tions will have at least 13.6eV less energy than the 0+ 

produced by electron impact. Since the retarding potential 

energy analyzer has about 0.3% resolution (4.5eV for a 

1500eV beam, see Figure 2-2 and reference 15), and the 

energy spread in the product beam is about 5eV, the energy 

analyzer can be set to accept the signal while rejecting 

the ions formed by stripping reactions. 

Doubly ionized oxygen could also be produced in the 

reaction 

0 + X 0 + X + 2e - 48.7eV (2-4) 

The ions formed in this reaction will, however, have at 

least 48.7eV less energy than the signal ions, and therefore, 

they can also be rejected by the energy analyzer, while the 

signal ions are allowed to pass. 

An energy analysis of the 0+ parent ion beam, obtained 

by recording the current collected at the Faraday cup as a 

function of retarding voltage, is shown in Figure 2-2a. 
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Along with it are shown an energy analysis of the ions 

formed, from the neutral beam, by stripping collisions with 

the background gas, and an energy analysis of the 0+ signal 

produced by the electron impact process. 

Hh+ 
An energy analysis of the 0 ions produced by elec¬ 

tron impact along with the energy analysis if the parent 
JL rj-t 

0 ion beam is shown in Figure 2-2b. The 0 stripping 

count rate was too small to be observed. 

2.3 The Electron Gun 

A schematic of the electron gun is shown in Figure 

2-3. The source of electrons is an oxide coated cathode 

taken from a 6L6 electron tube and mounted between a set of 

beam focusing plates. All the structures shown in Figure 

2-3, except the cathode, are made from 302 series stainless 

steel. During data acquisition all these structures are 

grounded, except the cathode and beam focusing plates. 

An electron beam is produced by biasing the cathode 

negatively with respect to ground, so that it emits elec¬ 

trons, and by biasing the beam focusing plates more nega¬ 

tively than the cathode, to direct the beam through the 

apertures in the source exit plate and the collector entrance 

plate and then into the inner collector. At electron ener¬ 

gies of lOOeV or less, the total current striking the source 

exit plate and collector entrance plate together was less 

than 12% of the current to the electron collector. For 

energies greater than lOOeV this current was always less than 
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Figure 2-2a. Energy analysis of: O parent ion beam; 
O* ions produced in electron imoact reaction (2-1) , O 
O ions produced by the stripping reaction (2-3), • . . 

Figure 2-2b. Energy analysis of: 0+ parent ion beam; 
Cr* ions produced in electron impact reaction (2-2) ,o . 
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6% of the collector current. Typically the current striking 

the collector entrance plate was from one to two times the 

current striking the source exit plate. Over the entire 

range of electron energies in this measurement the sum of 

the current to the source exit plate, collector entrance 

plate, and inner electron collector was greater than 97% of 

the current leaving the cathode. Typical electron currents 

ranged from 0.2 to 1.0 mA. 

The electron collector consists of an inner element, to 

which a voltage to suppress secondaries can be applied, and 

its housing, which shields the interaction region from the 

potential of the inner collector and shields the inner col¬ 

lector from stray currents. From the center of the area 

over which the electron beam strikes the collector the neu¬ 

tral beam only subtends 1% of the total solid angle into 

which electrons can be scattered. The back wall of the col¬ 

lector makes an angle of 20 degrees to the electron beam 

which causes the majority of the secondary and reflected 

electrons to be directed towards the bottom of the col- 

16 
lector, rather than back through the entrance aperture. 

It is important to note that secondary electrons can 

only have a negligible effect on these measurements. In the 

first place, the thresholds for single and double ionization 

of atomic oxygen are 13.6eV and 48.7eV respectively, and 

only a very small fraction of the secondary electrons will 

17 have energies greater than 13.6eV. Reflected electrons 

can have energies up to the energy of the primary beam, and 
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18 therefore, are a potential problem. Sternglass found 

that an electron impacting on iron has less than a 25% chance 

of being reflected. Since the current to the source exit 

plate and collector entrance plate was less than 12% of the 

primary beam current, the current of electrons reflected 

from surfaces in or near the interaction region could only 

be 3% as large as the primary beam current. It is also im¬ 

portant to observe that reflected electrons are scattered 

16 into a range of angles so only a fraction of them will 

actually cross the neutral beam. Finally, the reflected 

electrons that did cross the neutral beam would contribute 

to both the single and double ionization processes, and 

their effects would tend to cancel out in a measurement of 

the ratio. 

During the course of this experiment two measurements 

were performed to demonstrate that the effects of secondary 

electrons are insignificant. First the ratio of single to 

double ionization was measured, at a collision energy of 

180eV, with the beam focusing plates set at the same poten¬ 

tial as the cathode. In this arrangement the current to 

the source exit plate and collector entrance plate was more 

than 60% as large as the current to the collector. The cross 

section ratio, obtained in this way, was nevertheless within 

1% of the value obtained with the typical operating condi¬ 

tions as described earlier. Also, in a subsidiary experi¬ 

ment, all the ratios were measured using an electron gun in 

which the electron beam was collected on a plane electrode 
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located at the position of the collector entrance plate. 

This would clearly lead to a much larger number of secondary 

electrons in the interaction region. These data agree with 

the present.data to within a few percent at all collision 

energies. 

The energy of the colliding particles is given by 

E = E + 
cm Jcol 

where E  is the energy associated with the baricentric 
cm 

motion and EcQ^ is the relative or collision energy of the 

two particles. The collision energy can be expressed 

Ecol = V Vcol " 35 ^ (V2+V2-2VVCOS0) (2-5) 

where |i = (Mm)/(M+m) 2 m 

M = mass of oxygen 

m = mass of electron 

V = velocity of oxygen 

v = velocity of electron 

0 = angle of collision 

In this experiment the beams cross at right angles (g = 90°) 

so Equation (2-5) reduces to 

Ecol = % m(V2 + v2) (2-6) 

The energy of the oxygen atom beam in these measurements 

was 1500eV and the lowest electron beam energy was 48eV. 

Therefore 

7 
V = 1.3 x 10 cm/sec 

q 
v(min) = 4.1 x 10 cm/sec 
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As one can see the electrons always had velocities at least 

30 times greater than those of the oxygen atoms. Therefore 

V2 > 900V2. 

Ecol S h IW‘ 

which is the energy of the electrons. In all measurements 

reported here the collision energy has been taken to be the 

electron beam energy. 

The assumption that 9 = 90° may not be entirely correct 

given the fact that the electron beam emanates from a cath¬ 

ode which extends 30mm along the direction of travel of the 

neutral beam. Given the dimensions of the apertures in the 

source exit plate and collector entrance plate, it is pos¬ 

sible for the electron beam to spread as it crosses the 

interaction region such that 0 ^ 90° at the lateral edges of 

the beam. If the beam is assumed to fill both these aper¬ 

tures then, at the edges of the beam, 9 = 90° ± 11°. This 

leads to a correction to the collision energy of AEcQ^ = 

±.57eV at 48eV and AEcq^ = ±1.7eV at 400eV collision energy. 

The spread in the beam energy introduced by this effect is 

clearly insignificant. In fact if one allows 9 = 0° in 

Equation (2-5) the corrections to the collision energy in 

the present measurements are only AECQ^ = ±3.2eV at 48eV and 

AEcol = ±9.2eV at 400eV. 

In these measurements the electron currents were typi¬ 

cally large enough that the electron beam space charge po¬ 

tential was on the order of -3v relative to ground, in the 
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center of the interaction region. The value of this poten¬ 

tial was computed by means of the integral 

u = C p/(4TTeQr) dv (2-7) 

■vol 

where: p = charge density of the electron beam 

eD = permittivity of free space 

r = distance between volume of integration and 
point at which potential is computed 

Vol = representative volume for electron beam 

The results of these computations for several electron ener¬ 

gies and currents used in these measurements are displayed 

in Table 2-1. 

It is important to note that the signal ions are formed 

in this potential well, and thus, their kinetic energies 

will be affected. The 0+ signal ions will lose up to 3eV 

and the 0++ signal ions will lose up to 6eV of kinetic ener¬ 

gy as they leave this potential well, centered in the inter¬ 

action region. Evidence for this effect can be found in the 

signal energy analyses of Figure 2-2. In these analyses it 

can be clearly seen that the energy of the 0+ signal ions is 

as much as 3eV less than that of the 0+ parent beam, and 

the energy of the 0 signal ions is as ntuch as 6eV less 

than that of the 0+ parent beam. 

In order to eliminate beam backgrounds it was necessary 

to square wave modulate the electron beam (see Chapter 3). 

When the electron beam is on, the potential on the beam 

focusing plates is set so as to direct the electron beam into 
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Table 2-1. Computed space charge potential at the center 

of the interaction region for various beam energies and 

currents used in cross section measurements. 

Energy (eV) Current (mA) Potential (V) 

48 o
 

• to
 

-1.3 

100 0.7 -3.1 

180 1.0 -3.3 

300 1.0 -2.6 

400 1.0 -2.2 
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the electron collector. The beam is turned off quickly by 

making the potential on the beam focusing plates more nega¬ 

tive (usually by about 30 volts) so that emission of elec¬ 

trons from the cathode is suppressed. The circuit used to 

modulate the potential on the beam focus plates (and thus 

to modulate the electron beam) is shown in Figure 2-4. 

In this circuit the square wave input drives the opto iso¬ 

lator which in turn drives the 2N2439 transistor. When the 

transistor is on, the beam focusing plates see the full 

negative potential of the plate supply, -V , and the elec- 
P 

tron beam is suppressed. When the transistor is off the 

beam focusing plates see -V + and the electron beam 

is on. The rise and fall time for the electron beam current 

is less than 2 (j.sec. 
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CHAPTER 3 

DATA ACQUISITION AND INTERPRETATION 

In this chapter the ratio of the cross sections for 

double and single ionization is defined in terms of measur¬ 

able quantities. Then the actual procedures used to de¬ 

termine these quantities are described. 

3.1 Derivation of Cross Section Ratios 

The absolute cross section for double ionization of 

atomic oxygen by electron impact can be written in terms 

of the parameters 

_ _ R++ W .x 

++ ' iV2+V2)% 

where V and v are the velocities of the oxygen and electron 

beams respectively, R++ is the measured rate for production 

of 0++ by electron impact and D|[ is the efficiency for 

detection of an 0++ ion. The parameter F is the beam over¬ 

lap integral defined by 

F = ^ i(x,y,z)j(x,y,z)dxdydz (3-2) 

all space 

where i and j are the reactant beam fluxes in particles per 

centimeter squared per second. 

The absolute cross section for single ionization can 

be similarly defined by 
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_ 4- Vv  /-> 
+ " FD+ (V2^2)* 

where R+ is the measured rate for production of D+ ions by 

electron impact and D+ is the efficiency for detection of 

an 0+ ion. 

By taking the ratio of Equations (3-1) and (3-3) we 

find the ratio of the cross sections for single and double 

ionization to be 

a 

a 

++ 

+ 
(3-4) 

given the beam intensities and overlap do not change between 

the determination of R.. and R., as was the case in the pre- ++ + ^ 

sent experiment. 

3.2 Measured Quantities 

During the actual data acquisition the beam intensities 

and the count rates were observed to be constant to within 

about 1%, and the rates R++ and R+ were measured alternately 

several times, so that the small effects due to beam drifts 

would cancel out in the measurement of the ratio. Typically 

10,000 counts are recorded for 0+ production, and 400 counts 

for 0++ production, giving statistical uncertainties of 1% 

and 5% respectively, for these measurements. It is impor¬ 

tant to note that when going from a measurement of R++ to R+ 

or R+ to R only the signal collection optics in the detec- 
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tion region are changed; nothing is changed in the inter¬ 

action region where the product ions are formed. 

As is evident from Equation (3-4) to infer a++/a+ from 

measurements of R,, and R. it is necessary to know the rela- 
TT T 

tive efficiency with which 0+ and 0++ ions can be detected. 

This relative efficiency is obtained by measuring the abso- 

+ ++ 
lute detection efficiency, D, for 0 and 0 individually 

and then computing the ratio D, /D, , . The first step in these 
T TT 

measurements is to insure both D+ and D++ are uniform over 

the entire area where signal ions may strike the multiplier. 

This is done by scanning a small ion probe beam, of the same 

species, charge and energy as the signal, across the entrance 

to the detection region, while monitoring the count rate. 

In this way it was found that D+ and D++ were constant for 

signal ions crossing an area 3.5cm in diameter, centered on 

the beam axis, at the entrance to the detection region. At 

this point both the 0+ and 0++ signal ion beams have a diame¬ 

ter of 1.7cm. The detection efficiency is determined by 

centering the ion probe beam on the beam axis and measuring 

the count rate, then deflecting it into a deep faraday cup 

and measuring its current. The detection efficiency, found 

in this manner, was 0.332 ± 0.016 for 0+ and 0.364 ± 0.029 

for 0 giving a ratio D|/D|{ - 0.912 ± .084. The primary 

source of error in these measurements comes from the diffi¬ 

culty in measuring the small current of the ion probe beam 

—14 (this current, typically about 10 A, is measured with a 

19 
vibrating reed electrometer ) . 
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3.3 Backgrounds and Beam Modulation Scheme 

During 0+ signal acquisition about 5% of the measured 

count rate is due to processes other than electron impact. 

The majority of this background is caused by secondary par¬ 

ticles which are formed when stripping ions, that are re¬ 

jected by the energy analyzer, strike surfaces in the 

detection region. Some of this background is also caused 

by secondaries ejected from the neutral beam collector by 

the impact of the neutral beam. About 20% of the counts 

received during a measurement of 0++ signal are background 

counts, which in this case, are due almost entirely to the 

impact of the neutral beam in its collector. Occasionally 

the multiplier will spontaneously produce a count (dark cur¬ 

rent) which will contribute to the background in both the 

0+ and 0++ signal measurements. Also, very occasionally, 

a secondary electron from the electron beam may cause a 

count to be recorded. 

In order to separate the signal from these backgrounds 

a beam modulation scheme is employed similar to the one used 

12 
by Rundel et aJL.. In this scheme both the electron and 

neutral beams are square wave modulated at 1 KHz, 90° out of 

phase with each other, as shown in Figure 3-1. Two scalars 

are gated to count during four separate periods. 
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PERIOD MEASURED QUANTITIES 

a electron beam background 
dark current 

b electron beam background 
neutral beam background 
signal 
dark current 

c neutral beam background 
dark current 

d dark current 

The cotant rate due to the signal alone, R_ can then be de- 

termined by subtracting the count rates measured in periods 

a and c from the count rates measured in periods b and d 

Rs “ (Eb + Rd> - <Ra + V 

This scheme was employed for both 0+ and 0++ signal measure¬ 

ments . 

This method for determination of the signal count rate 

requires that the backgrounds produced when both beams are 

present are equal to the sum of the backgrounds produced by 

each beam alone. Clearly, a change in the background of 

one beam due to the presence of the other would affect the 

measured signal. 

In this experiment such a modulated background could 

arise if stripping ions, formed in the interaction chamber 

prior to or during passage through the electron sun, were 

deflected by the space charge of the electron beam. For 

example, when the electron beam is present stripping ions 
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could be deflected in such a way that the background they pro¬ 

duce is larger than it is, when the electron beam is off. 

In this case the neutral beam background during period b 

would be larger than the neutral beam background during per¬ 

iod c, and thus, this effect would lead to an increase in R . 

An effect similar to this can be seen in the energy 

analysis of the 0+ signal ions, shown in Figure 2-2a. As 

one can see when the stripping ions are allowed to pass 

through the energy analyzer, a spurious contribution to the 

measured signal is observed. As mentioned earlier, however, 

the energy analyzer was set high enough to reject all the 

stripping in the actual data acquisition. In this way only 

the backgrounds produced by stripping ions can affect the 

measurements. 

Another source of error in signal determination would 

. + ++ 
arise if either the 0 or 0 signal ions were deflected by 

the electron beam space charge such that only a fraction of 

them were collected. In this case, if the fraction of the 

0+ and 0++ signal ions collected is unequal, the measured 

ratio, R /Rt, would not reflect the true ratio for forma¬ 

tion of 0+ and 0++ by electron impact. It is important to 

note, however, that the electron space charge potential is 

at most 4 volts, and thus should deflect 1500eV ion beams 

insignificantly. In fact, the scans of the multiplier with 

a small ion probe beam look essentially the same whether the 

electron gun is on or off. 
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Another problem could arise if the electron beam were 

to liberate gas from the surfaces it strikes in the electron 

gun and collector, and thus momentarily raise the pressure 

in the interaction region. If this were to occur, the 

pressure in the vicinity of the electron gun could be modu¬ 

lated in phase with the electron beam. In this way the 

stripping background would also be modulated, giving rise to 

a spurious contribution to the signal. 

It is also important to consider the possibility that 

the electron beam could sputter ions from surfaces in the 

collector. Some of these ions could emerge from the collec¬ 

tor and undergo charge transfer with the neutral beam, and 

thus contribute directly to the measured signal. It is 

important to observe, however, that in general such an ion 

current is only a very small fraction of the incident elec- 

20 
tron current. For example. Redhead measured a maximum of 

—5 only 10 ions/electron emitted from a weakly bound layer 

of oxygen chemisorbed on a substrate of polycrystalline 

molybdenum, when it was struck with 0-300eV electrons. 

Further, such ions are scattered into a range of angles, 

21 
with energies of a few eV, and so, these "secondary" ions 

should be collected with a similar efficiency as the second¬ 

ary electrons, in the present collector. Also it is impor¬ 

tant to note that the data obtained using the electron gun 

whose collector was a plane electrode at the position of the 

collector entrance aperture, giving a completely different 

collection efficiency for these ions, were the same as the 

present data. 
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It is possible that some ions are formed in the electron 

source chamber by electron impact on the background gas. 

These ions, however, will have kinetic energies of at most 

a few eV, and thus would not escape the negative potential 

of the cathode. Pressures would have to be on the order of 

-7 
10 Torr m the inner electron collector in order for 

enough ions to be formed there to affect the measurements. 

3.4 Consistency Tests 

Several tests were carried out to show that the above 

mentioned effects did not contribute to the measured signal. 

In order to observe possible spurious contributions to the 

signal, due to the modulation of the stripping background, 

the ratio of the count rates was measured with the back¬ 

ground pressure in the interaction chamber raised to 

-9 
26x10 Torr. This would increase the stripping prior to 

the electron gun, and thus, increase the magnitude of the 

stripping modulation effect. The result obtained at this 

pressure, at a collision energy of 180eV, was R||/R| = 

-9 
0.0491 ± 0.0029. For a background pressure of 2.2x10 Torr 

the ratio R++/R+ = 0.0481 ± 0.0026 was obtained. These re¬ 

sults indicate that stripping modulation does not contribute 

to the measured signal. 

Measurements of R+ and of R++ were also performed with 

the electron collector alternately grounded and biased at 

-lOv. With the collector at -lOv virtually all ions formed 

from the background gas, or surfaces in the collector would 
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not be able to reach the interaction region. The ratio be¬ 

tween the count rate for 0+ production with the collector 

biased at -lOv and the count rate for 0+ production with the 

collector grounded was 1.00 ± 0.03. The ratio between the 

count rates for 0++ production with the collector biased and 

grounded was 1.02 ± 0.04. These results indicate that ions, 

formed in the electron collector, do not contribute to the 

measured signal. 

In order to observe spurious effects that depend on the 

presence of the electron beam, the ratio of the count rates, 

R++/R+, was measured as a function of electron beam current. 

If this ratio were not constant one would suspect spurious 

contributions to the signal, especially from effects such 

as space charge modulation of the stripping background, and 

off axis signal deflection. These measurements were made at 

a collision energy of 180eV, and the results are displayed 

in Figure 3-2. As one can see, to within experimental un¬ 

certainties, R||/R| is constant for electron beam currents 

from 0.15mA to 1.5mA. 

The count rate, R+, due to the single ionization pro¬ 

cess alone, observed in this test, is plotted as a function 

of electron beam current in Figure 3-3. As one can see, it 

varies linearly with electron current. Since the neutral 

flux was kept constant during this test, and it s eems rea¬ 

sonable that the beam overlap remains constant, these data 

again indicate that the measurements are free from spurious 

effects. 
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Figure 3-2. Ratio of observed count rates for 
double and single ionization of oxygen, R++/R+, 
as a function of electron beam current, at a 
collision energy of 180eV. 
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0.0 0.5 1.0 1 .5 

Electron Current (mA) 

Figure 3-3. Observed count rate for single 
ionization of oxygen, R+, as a function of 
electron current, at a collision energy of 
180eV. 
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As a good consistency check of the counting electronics, 

and to observe the possible effects of the modulation of the 

background gas pressure in the interaction region, R++/R+ 

was measured as a function of the modulation rate of the 

beams. By changing the modulation rate one can change the 

time that gas has to build up in, and leave, the interaction 

region, and thus, one varies the amplitude of the pressure 

modulations. As a representative figure, oxygen atoms at 

thermal temperatures take about 0.18msec to reach the in¬ 

teraction region from the back of the collector. Therefore, 

if the electron beam duty cycle were 0.25msec the gases 

evolving from the collector, at thermal energies, would not 

have time to significantly raise the pressure in the inter¬ 

action region during the first part of the cycle. For longer 

duty cycles the gases would have more time to fill, and 

leave, the interaction region, and the pressure modulations 

would be greater. The ratio R++/R+ was measured, at a col¬ 

lision energy of 180eV, for beam modulation rates of 250Hz 

to 4000Hz. These data are plotted in Figure 3-4, and as one 

can see, the ratio is constant over this range, indicating 

that the modulation of the pressure by atoms released with 

thermal energies does not significantly affect the data. 
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Figure 3-4. Ratio of observed count rates for double 
and single ionization of oxygen, as a function of beam 
modulation frequency, at a collision energy of 180eV. 



CHAPTER 4 

NEUTRAL BEAM STATE ANALYSIS 

The oxygen ion beam is neutralized in the charge trans¬ 

fer cell by charge exchange collisions with N2 

0+ + N2 - 0 + N2 + AE (4-1) 

Neutralization of the beam in this manner can lead to exci¬ 

ted oxygen neutrals, and so it is important to know by which 

channels this reaction is likely to proceed and thus deduce 

in what state the neutrals are formed. To begin with it is 

important to know which state the parent 0+ ions are in. 

The low lying states of 0+, and of 0 and 0++, are shown in 

Figure 4-1. 

4.1 Determination of Ionic States 

The excited state content of the ion beam was deter¬ 

mined using a gas cell attenuation technique similar to the 

22 + one employed by Turner et al. An 0 ion beam is extracted 

from the source, collimated, and mass analyzed in the same 

way it would be for a cross section measurement. It then 

passes through a gas cell which contains a gas whose pres¬ 

sure is monitored by means of a Baratron capacitive manome¬ 

ter. The fraction of the ions that emerge from the gas cell 

are deflected into a small faraday cup just beyond the cell. 

In this way the attenuation of the ion beam, due to colli¬ 

sions with the gas in the cell, can be recorded as a func¬ 

tion of gas pressure. 
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Figure 4-1. Low lying states of 0°, 0+, and 0 . 
Each state is shown with the configuration of it's 
outer electron, it's spectroscopic designation and 
it's potential energy in ev. 
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Since 0+ ions in different electronic states are likely 

to have different cross sections for attenuation in the gas, 

the shape of the attenuation curve will provide an indica¬ 

tion of the states present. For example, for an ion beam in 

a single electronic state the current reaching the faraday 

cup as a function of the pressure of the gas in the cell is 

given by 

I = IQ expt-n^a] = IQ exp[-(p/kT) A.a] (4-2) 

where IQ is the initial ion current, I is the current reach¬ 

ing the faraday cup, n is the number density, p is the pres¬ 

sure and T is the temperature of the gas in the cell, k is 

Boltzmann's constant and l is the length of the gas cell. 

The parameter a is the total cross section for removal of 

ions from the beam. A plot of I/IQ versus gas pressure on 

semilogarithmic paper will yield a straight line. 

For a beam which has a fraction fA of ions in elec¬ 

tronic state A, and a fraction f_ of ions in electronic 
.Q 

state B we have. 

I = fA IQ exp[- (p/kT) i<?A] + fB IQ exp[-(pAT)XaBl 

(4-3) 

where CT_ is the total cross section for removal of ions 
A (B) 

of type A(B) from the beam. If we take 0A < 0^ a plot of 

I/IQ versus gas pressure on semilogarithmic paper will 

yield a curve similar to S in Figure 4-2. Curve S is the 

sum of the two exponential terms in Equation (4-3), which 
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are represented individually as lines A and B in Figure 4-2. 

Ions in the state Bf which have the larger total cross sec¬ 

tion for removal from the beam, will not make it through 

the gas cell at high pressures, and so the attenuation curve 

S will coincide with the line A at high pressures. There¬ 

fore to obtain line A we simply fit a straight line to the 

curve S at high pressures, and the line B is then given by 

the difference between A and S at low pressures. As one can 

see from Equation (4-3) the relative values of lines A and 

B at zero pressure give the relative proportion of the states 

A and B in the ion beam. If more than two states are pre¬ 

sent in the ion beam the above procedure can, in principle, 

be repeated until all exponential terms are resolved out of 

curve B. 

A major drawback of this method is that if ions in two 

different electronic states have the same total cross sec¬ 

tion for removal from the beam they will not be distinguish¬ 

able. A way to increase the probability of observing all 

states is to repeat the measurements with a second target 

gas. In this way for two states not to be resolved they 

would have to have the same total cross section for attenu¬ 

ation in both target gases. 

Measurements of the attenuation of a He+ beam in .a tar¬ 

get gas of He is shown in Figure 4-3. This beam was pro¬ 

duced with standard source conditions, as described earlier, 

from He atoms, with a source electron are voltage, Vg, of 

36V. The beam should be entirely in the ground state since 
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36v is enough to ionize He (I. P. 24.6v) but not enough to 

excite even the lowest lying He+ excited state (40.5v). As 

one can see only one state is observed. This measurement 

serves as a good consistency check for the apparatus. 

The current reaching the faraday cup as a function of 

target gas pressure for 0+ beams produced with Vg = 28v, 

40v, and 60v are shown in Figure 4-4 for a target gas of 

Measurements were made for Vg = 80v but they are not shown 

since the curve obtained is nearly identical to that for 

Vg = 60v. In Figure 4-5 the attenuation curves for 0+ ions 

in Ar are shown. The relative proportions of states ob¬ 

served in each beam, along with the observed cross section 

for attenuation of these states, is recorded in Tables 4-1 

and 4-2. As one can see, in every case only two states were 

observed with the proportion of the state with the lower 

cross section for attenuation decreasing as Vg increases. 

At this point it is instructive to discuss a similar 

22 gas cell attenuation measurement made by Turner et al. 

In this measurement an 0+ beam was produced, from O2# in an 

electron bombardment ion source in which the electron energy 

could be carefully controlled. The proportion of electronic 

excited states in this 0+ beam was measured as a function 

of source electron energy, Eg. In each case only two 

states were observed and their relative proportions were 

100:0% for Eg = 20eV, 73:27% for Eg = 50eV, and 70:30% for 

Eg = lOOeV. The state with the lower cross section for 

attenuation was always observed to predominate, but it 
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Table 4-1. Attenuation of 0+ in N». The fraction of ions 
in each state and the cross section for attenuation of each 
state are tabulated as a function of source electron arc 
voltage, Vg. 

g (volts) fA fB 

CM > v*2 

28 .72 .28 5.6 26 

40 .62 ,38 5.5 25 

60 .56 .44 5.7 25 

80 .53 .47 

in • 
in 25 

Table 4-2. Attenuation of 0+ in Ar. The fraction of ions 
in each state and the cross section for attenuation of each 
state are tabulated as a function of source electron arc 
voltage, Vg. 

(volts) fA cA (I2) aB
(l‘ 

28 .69 .31 4.2 21 

40 .61 .39 4.3 22 

60 .54 .46 4.4 22 

80 .53 .47 4.3 24 
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became smaller as Eg was increased. By observing the thresh¬ 

old value of the source electron energy at which ions of 

each state are created in the source, it was determined that 

the state with the lower cross section for attenuation was 

4 2 the S ground state and the other was the D metastable 

state of 0+. 

The present measurements of the fraction of 0+ ions in 

each excited state agree qualitatively with the results of 

22 
Turner et al. The reason the agreement is not exact is 

probably because in the present experiment the ions are 

formed in a magnetically confined plasma, therefore enhanc¬ 

ing the chances of the ions formed tindergoing a second col¬ 

lision, with either an ion, neutral or electron. Since the 

initial ionization process is electron bombardment, however, 

it is likely that the two states observed in the present 

measurements are the same two states observed by Turner et 

22 4 2 + 
al., the S ground state and D metastable state of 0 . 

4.2 Determination of Neutral States 

With these identifications of the 0+ ionic states it is 

possible to narrow down considerably the important channels 

for neutralization by reaction (4-1). First it is important 

to note that the dynamics of reaction (4-1) dictate that 

the energy defect, AE, will be added to the translational 

energy of the oxygen atom. Therefore a determination of the 

energy spectrum of the neutral beam (or the 0+ signal ion 

beam) will yield information about the states of the reac- 
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tants and products in reaction (4-1). Since at room temper¬ 

ature the N2 in the charge transfer cell is in the ground 

+ 2 state, if the initial 0 ion is in the D state and the 
5 

resulting neutral is in the S excited state we have 

0+(2D) + N0 (X 
1E+,v"=0) - 0(5S°) + N*(X 2£+,V'=0) - 7.8eV z g z g 

(4-4) 

So the neutral oxygen atoms formed in this way will have 

7.8eV less energy than the parent ion beam. Keeping in 

mind it takes at least 15.6eV to remove an electron from ^ 

in the ground state. Figure 4-1 indicates it takes at least 

7.8eV to form any highly excited state of 0°., given the 0+ 

2 4 beam is in either the D or S state. It is evident in the 

signal energy analysis of Figure 2-2, that no signal ions 

have an energy 7.8eV less than that of the parent ion beam, 

if one neglects contributions due to stripping ions. Thus, 

we can conclude that the neutral beam is either in the P 

ground state or in the or metastable states. 

4 
Given this information, 10ns m the S state will most 

3 
likely charge transfer to the P state of the neutral if 

electron spins are assumed not to change in the interaction. 

The reaction channel with the lowest energy defect, and 

largest vibrational overlap for the N2 “* transition, is 

0+(4S) + N0(X 
1S^,v"=0) -» 0(3P) + N*(X 2E*,v'=0) - 2.0eV z g z g 

(4-5) 

2 
The spin allowed neutralization channels for ions in the D 

metastable state are 
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0+(2D) + N2(X 
1Eg,v"=0) -* 0(3P) + (A

2
TTU,V*=1) + O.OeV 

(4-6 a) 

0+(2D) + N2(X 
12g,v,,=0) - 0 (XD) + N2(X 

22g#v'=0) - 0.6eV 

(4-6b) 

0+(2D) + N2(X ^^"«O) - O^S) + N2(X 
2
2
+
,V'=0) - 2.9eV 

(4-6c) 

It is important to note that reaction (4-6a) is resonant 

and the energy defect in (4-6b) is smaller than that of 

(4-5) and (4-6a), and the vibrational overlaps in all these 

reactions are comparable and large (the vibrational overlap 

for (4-6a) is 60% as large as that for the others). Moran 

23 
et al. find that the energy defect and vibrational overlap 

play important roles in determining which of these reactions 

will occur. In particular, they measure the cross section 

for charge transfer between room temperature N2 and a 

1500eV 0+ beam to be 1JL2 for ions in the state and 28JL2 

2 
for ions in the D state. Therefore the neutral beam should 

2 
be primarily produced from the D ions in the parent ion 

beam, in reactions (4-6a) and (4-6b). 

A way to test this hypothesis is to measure the neutral 

beam flux as a function of the current of ions in each state. 

This was done and the results are shown in Figure 4-6. As 

+ 2 one can see as the current of ions in the 0 ( D) state 

approaches zero the neutral flux approaches zero, indicating 

that reactions (4-6a) and (4-6b) are the primary channels 
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for neutral beam production. Since reaction (4-6a) is reso¬ 

nant a substantial fraction of the neutral beam should be 
3 

in the P ground state. 

4.3 Tests to Determine Effects of Excited Atoms 

Further tests were conducted that show excited atoms 

either are not present in the neutral beam, or if present, 

do not change the measured ratio of double to single ioni¬ 

zation. These tests consisted of making additional ratio 

measurements with Kr and with Ar as the charge transfer gas 

in place of in an attempt to vary the excited state con¬ 

tent of the neutral beam and observe the effects. 

The measurements made with Kr as the charge transfer 

gas were done twice, once with Vg = 40v and also with 

Vg = 28v. The purpose in this is apparent if one examines 

the spin allowed channels for charge transfer between 0+ and 

Kr with the lowest energy defects: 

0+(4S) + Kr^S) - 0(3P) + Kr+ (2P) - 0.4eV (4-7) 

0+(2D) + Kr^S) -» 0(3P) + Kr+ (2P) + 2.3eV (4-8a) 

0+(2D) + Kr(XS) - O^D) + Kr+ (2P) - 0.3eV (4-8b) 

0+(2D) + Kr(XS) •* O^S) + Kr+ (2P) - 1.3eV (4-8c) 

On the basis of the energy defects for these reactions 0+ 

4 3 in the S state will charge transfer to the P state of the 

+ . . 2 
oxygen neutral, and 0 xons xn the D state will charge 

transfer to the state of the oxygen neutral. Therefore 
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Figure 4-6a. Neutral beam flux versus the 
current of parent ions in the 4S state. 

Figure 4-6b. Neutral beam flux versus the 
current of parent ions in the state. 
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4 2 by varying the proportion of the S and D ionic states one 

3 1 can vary the proportion of the P and D states in the 

neutral beam. 

The cross section measurements made with Kr as the 

charge transfer gas are plotted in Figure 5-1 along with the 

data taken with N2 as the charge transfer gas. As one can 

see both sets of measurements made with Kr agree, to within 

experimental uncertainties, with the measurements made with 

N2, indicating that atoms, if present, do change the 

value of the measured ratios. 

The channels for charge transfer between the 0+ beam 

and Ar are 

o+(4S) + Ar (XS) - 0(3P) + Ar
+ (2P) - 2.2eV (4-9) 

0+(2D) + Ar ^S) - 0(3P) + Ar+ (2P) + l.OeV (4-10a) 

0+ (2D) + Ar^S) - o (XD) + Ar
+ (2P) - 0.8eV (4-10b) 

o+ (2D) + Ar(XS) - O^S) + Ar
+(2P) - 3 .OeV (4-10c) 

As is evident here, an oxygen atom beam formed with Ar as 

the charge transfer gas should contain a large proportion 

of atoms in the metastable state. The ratio of double 

to single ionization of oxygen obtained with Ar in the 

charge transfer cell are plotted in Figure 5-1. As one can 

see they also agree well with the data obtained with N2, 

indicating again that, if present, atoms do not affect 

the value of the measured ratios. 



CHAPTER 5 

RESULTS AND DISCUSSION 

The ratio of the cross sections for double and single 

ionization of atomic oxygen by electron impact are shown in 

Figure 5-1. Also shown are the ratios measured to test for 

excited states as described in Chapter 4. 

Absolute cross sections, for double ionization, can be 

obtained by multiplying these ratios by absolute cross sec¬ 

tions for single ionization of oxygen by electrons. These 

single ionization cross sections can be obtained from Fite 

24 25 26 27 
et al., Rothe et al., Boksenberg, and Brook et al. 

The former three measurements were relative and were nor¬ 

malized to total ionization cross sections measured by Tate 

28 and Smith. The measurements of reference 27 were absolute 

and were made using fast beams. The measurements are all in 

good agreement, except those of Boksenberg which are larger 

than the others by about a factor of two. 

24 
Fite et al. crossed an electron beam with a thermal, 

partially dissociated oxygen beam produced in an electrode¬ 

less gas discharge. At least 97% of the neutral reactants 

were observed to be in the ground state. The experiment 

essentially consisted of obtaining the ratio of the cross 

sections for single ionization of 0 and total ionization of 

Û2* Single ionization cross sections for 0 were then 

obtained by multiplying the ratios by the absolute cross 

sections for total ionization of C>2 measured by Tate and 



9
0

*
0

 
50 

<N 
o O 

• t 
o o 

o 
o 

O 
O 
fO 

O 
O 
c* 

O 
O 

O 

> 
<D 

>i 
tp 
u 
<D 
G 
W 

G 
O 

•H 
en 

O 
O 

G 
O 

•H 
4J 

N 
•H 
G 
O 

•H 

<D 
rl 
tP 
CJ 

•rl 
en 

TJ 
d 
rd 

0) 
rH 

% 
O 
V 

U 
O 

M-J 

en 
G 
O 

•rl 
4J • 
ü 4J 
<D ü 
en rej 

eu 
S 

•rl 

d 
o 
Cl 

<1) 4J 
,d u 
«P eu 

H 
m <ü 

° >i 

.2* 
■P G 
reJ (ü 

en 
>i 
X 
O 

H 
I 

in 
(D 
M 
d 
tP 

•H m 
(X4 o 

ü 
•H 
e 
o 

4J 
rd 



51 
28 25 Smith. The technique employed by both Rothe et ai. and 

26 Boksenberg were essentially the same as that just de¬ 

scribed, except Rothe et al. measured only total ionization 

cross sections. 

In a critical review of ionization experiments Kieffer 

29 
and Dunn indicate that there is considerable doubt that 

either Fite et al. or Rothe et al. had 100% ion collection 

efficiency in the total ionization measurements. This would 

lead to cross sections that were too large in the former 

case and an uncertainty that is difficult to determine in 

the relative total ionization measurements of the latter 

case. There is evidence to indicate that the cross section 

29 ratios obtained by Boksenberg are significantly too large. 

Therefore, the single ionization cross sections obtained by 

Boksenberg, which are about a factor of two larger than the 

others, are most likely in error. 

27 Brook et al. directly measured absolute cross sec¬ 

tions for single ionization of oxygen by electrons using a 

fast beams technique very similar to that used in the present 

double ionization experiment. A fast 0+ ion beam was neu¬ 

tralized by charge transfer with Kr and then crossed with 

electrons. The singly charged ions thus formed from the 

neutral beam were deflected into an electron multiplier and 

counted. A standard beam modulation scheme was used to 

eliminate the beam backgrounds. 

Brook et al. determine that only ground state oxygen 

atoms contribute to the cross sections they present. They 
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point out that the first Bom calculations of Peach^'^ 

indicate that the single ionization cross sections for the 

3 1 1 
low lying P, D, and S states of oxygen only differ by 

about 5%. They did find evidence for contributions from 

highly excited atoms, in that non-zero cross sections were 

measured below threshold. These contributions were elimi¬ 

nated by fitting a curve to the cross section measurements 

below threshold and subtracting this curve from the measure¬ 

ments above threshold. The magnitude of this correction was 

small, amounting to only about 0.3% at the peak of the cross 

sections. Thus, the single ionization data presented Brook 

et al. are for ground state atoms, as is the case for the 

present double ionization data. 

. 24 25 
If the measurements of Fite et al. and Rothe et al. 

are normalized to the cross sections for total ionization 

32 
of 02 of Rapp and Englander-Golden (which are more recent 

and probably more accurate than those of Tate and Smith) 

very good agreement is observed with the data of Brook et 

27 
al. In fact, if the cross sections of Rothe et al. are 

reduced by 5% to account for contributions from multiple 

ionization, all three measurements agree to within about 

±5%. The fact that this very good agreement is observed, 

despite the different measurement techniques used in each 

case, indicates that these data are an accurate measure of 

the cross sections for single ionization of ground state 

atomic oxygen by electron impact. 
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We chose to normalize the present ratio measurements to 

27 
the data of Brook et al. since they are the most recent, 

and are the most complete in the energy range of interest. 

A linear interpolation procedure was employed to obtain the 

values of the single ionization cross sections for the par¬ 

ticular collision energies at which the ratios were measured. 

The error introduced by this procedure along with the ex¬ 

perimental uncertainties of the single ionization data is 

estimated to be about 5%, and therefore it is not considered 

in computing the error bars for the double ionization cross 

sections. These absolute double ionization cross sections 

are plotted in Figure 5-2. The measured ratios and the 

absolute cross sections are tabulated in Table 5-1. 

With these measured cross sections one can draw some 

conclusions about the sources of 0 in the earth's upper 

2 ++ 
atmosphere. Geiss et al. consider several sources of 0 

+ 
production, including ionization of 0 by solar UV photons, 

electrons and protons along with direct double ionization 

of oxygen by electrons. From a review of the double ioniza¬ 

tion data for other elements they estimate c++/cr+ ~ 0.1, 

and thus obtain the estimate q[ ~ 0.1 JL . They then indi¬ 

cate that this cross section is not large enough for direct 

double ionization of oxygen to be a significant source of 

0++ in the topside ionosphere, plasmasphere and magnito- 

sphere, compared to the other processes considered. In 

fact, ionization of 0+ by solar UV photons is found to be 

++ 
the primary source of 0 m this region. Since the value 
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Table 5-1. The ratio of double and single ionization of 
atomic oxygen by electron impact is shown as a function 
of the collision energy. Also shown are the absolute 
single ionization cross sections obtained from Brook et 
al .,27 along with the computed absolute double ionization 
cross sections. 

E (eV) a,,/a, 
cm  ++ T 

48 .0002 ± .0011 
55 .0002 ± .0008 
60 .0014 à .0009 
65 .0030 ± .0009 
70 .0062 db -0018 
80 .0120 ± .0016 
90 .0152 ± .0021 

100 .0235 ± .0026 
110 .0284 ± .0030 
120 .0288 * .0030 
130 .0339 ± .0037 
145 .0384 ± .0039 
160 .0403 ± .0041 
180 .0427 ± .0044 
200 .0449 ± .0043 
245 .0438 ± .0045 
300 .0443 ± .0046 
350 .0400 ± .0043 
400 .0432 ± .0047 

a+(JL2) a++(Jl2) 

1.114 .0002 ± .0012 
1.199 .0002 ± .0010 
1.239 .0017 ± .0011 
1.266 .0038 ± .0011 
1.292 .0080 ± .0023 
1.311 .0157 i .0021 
1.322 .0201 ± .0028 
1.330 .0313 ± .0034 
1.332 .0378 ± .0040 
1.334 .0384 ± .0040 
1.324 .0449 ± .0049 
1.305 .0501 ± .0051 
1.286 .0518 ± .0053 
1.261 .0538 ± .0055 
1.230 .0552 ± .0054 
1.099 .0481 ± .0049 
1.017 .0451 ± .0047 

.926 .0370 ± .0044 

.839 .0362 ± .0039 
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of the cross section measured here is about half that esti- 

. 2 
mated by Gers et al. we can say with some degree of confi¬ 

dence that direct double ionization of oxygen by electrons 

• 4-4- . is not a major source of 0 xn the earth's upper atmosphere. 

Since the flux of solar UV photons is relatively small 

in the vicinity of Jupiter, ionization of atoms and ions 

by electron impact is expected to be a more important process 

in the Io torus than it is in the earth's upper atmosphere. 

However, 0++ has only recently been detected in the Io torus 

and so the importance of direct double ionization of oxygen 

by electrons in this region is not yet fully understood. 

Nevertheless, the cross sections presented here should be 

of aid to those attempting to resolve this question. 
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