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(ABSTRACT)

Experimental measurements of N2 resonant charge

transfer cross sections were performed. It was found that
+

the energuy of electrons used to produce the N2 ions is an

important variable with respect to cross section. An

examination of the experimental precision was performed
and it was found that the precision of measurement was
insufficient to determine the exact form of this
relationship. The effect of ion enerqu (collisional

enerqu) was too small to be seen.

Modulated detection was used to improve precision
and permit measurement at high noise levels. A

description of the apparatus is provided. Consideration



of other suystems (02, NO, and CO) and the suitability of

their resonant charge transfer reactions for experimental

investigation is discussed. Various theoretical models

for estimation of cross section were examined.
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Now you know that the answer ¢to the ultimate
question of [(ife, the universe, and everything is forty
two. RII you need to do now is find out what the question
is.

Donald ndams1
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I. INTRODUCTION

One of the most important goals of physical
chemistry is the correlation of the quantum mechanical
states of species with chemical reactivitu. Charge
transfer reactions are a class of reactions well suited to
both experimental and theoretical study of the reactivity
of quantum states. Experimentally, the studies are
simplifi;d by the use of electrical and magnetic fields to
focus, mass select, and energy select both reactant and
product ions. One simple means for the production of

ionized molecules is by electron bombardment /7. e.:
= + E 3 -
(1) A{u=0, ¥) + e -2 A (v=n, ¥ ) + 2e .

Unfortunately, the energy variation in practical electron
beams precludes selection of rotational or uihfational
states (although in some systems slight control of the
vibrational state distribution can be obtained). However,
the electronic states of the ion beam can be manipulated
by control of the electron accelerating energuy. This
control allows the production of ion beams with wvarying
ratios of ground and excited states, which permits
examination of the effects of excited electronic states on

reactivity.



One of the goals of this work was to examine the
of the electron energy used in ion-beam production on
reactivity in charge transfer reactions. Manuy past
experimental works have been done with unspecified
electron energies. If the electron energy is a ;ajor
influence on reactivity, then proper control of the
electron energuy will be necessary both for examination of
experimental trends and for comparison of experimental
data to theoretical models. Another goal was to develop
measures of the precision of the cross sections obtained.
This is necessary for comparison both to experimental

models and to measurements made in other laboratories.

Before considering criteria for the selection of
systems, it is useful to discuss some of the terminoloqgu
employed in the study of charge transfer reactions. All
reactions considered will involve the transfer of a single
electron from a neutral molecule to a positive ion:

i. e.,

AE
(2) A* + B — A + B .

If the two species differ only by the presence or absence

of an electron (e. g. N; and N,, or nr+ and Ar), then the



reaction is said to be a symmetric charge transfer
reaction. Here, the reaction produces noc net change in
species (although the microscopic states involved may
change). If the net energy change is zero then the
reaction is said to be resonant. This is satisfied in the
symmetric case when there is no net difference in the
quantum.states of reactant and product. Resonant charge
transfer may also occur if other states of the combined
products have the same energy as the reactants. This may
also occur in assymmetric charge transfer; for exampie,
certain states of N+ are resonant with Ar as was seen in

2
studies of the following sgstem:2

(3) ar’ + N, 9 ND AT .

Because cross sections are greater (at the energies used
in this experiment) in thélresonant case, resonant cross
sections are easier to measure experimentally. For this
reason, only resonant systems were considered. Since
symmetric reactions always have a resonant reaction path,
these reactions are most suitable for study. Criteria for
the selection of reactions as well as examination of

possible candidates are discussed in the next section.



II. HISTORICAL AND THEORETICAL REVIENW

II A. SYSTEM SELECTION

To probe the effect of excited electronic states
on reactivity, it was necessary that thg reaction selected
for study satisfy certain criteria. First, to simplify
ion production and detection, the system should be gaseous
at low pressures (i. e. P ( 10_3Torr) and room
temperatures. It was also desirable that the species
chosen be neither corrosive nor oxidizing (this reduces
problems due to burnt-out filaments and surface dirt).
Second, the system should exhibit no major side reactions
(e. g. atom exchange, dissociation, eftc.) under the
conditions of study. Third, the ground and at least one
excited state of the ion must have sufficient lifetimes to
survive transport to the reaction cell (greater than 4usec
at about 3500 eV). Since the state population of the ion
beam will be varied by the energy of the ionizing electron
beam, the ground and excited states should be separated buy
as much enerqu as possible. Fourth, in order to insure
large cross sections, the wvibrational and electronic

states of the ion and neutral should have maximum overlap

(See section on impact parameter cross section



calculations). Fifth, theoretical calculations should

exist for comparison with experimental results.

One of the first systems to be considered was the
summetric nitric oxide (NO) reaction. The ion’s ground
state (X12+) occurssat 9.27eV while the first two excited
statesa(according to photoelectron spectroscopu), ban and
an, occur at 16.55 and 18.32 eV respectively. The ground
state is stable while the an and ban. states have
lifetimes of S56ns and 160us respectiuelg.4 Unfortunatelu,
there are a large number of states which are nét
accessable bu photon bombardment and thus both their

energy levels and potentials are in dispute.3 For this

'réason, NO was not further considered as a test suystem.

A second suystem considered was nitrogen (NZ)'

Here, the ground state and two excited states are readiluy

accessible. The ground state (XZz;) occurssat 15.63eV.

The first excited state Aznu occurssat 17.0eV and has a

lifetimesbetween 12.28us (v=1) and 9.14us (v=3). The

second excited state (822:) occurs at5 18.94eV and has a

reported lifetimeﬁ’7between 66ns to 80ns, decauing to the

(XZE;) ground state. As this lifetime is shorter than the

ion transit time (x 4usec), the 82£: state will not be



seen. Howewver, the nznh state, having a lifetime greater

than the transit time, will be seen in the ion beam. The

fraction of ground state (XZE;) in the ion beam will

decline above the ionization potential of the first
excited state (ﬂznu), due to production of Azny ions. As

the electron energy is further increased, the fractions of

both the ground (X22;) and first excited (ﬂznu) states

should decline as the second (822:) state is produced.

However, since the Bzz; state decays to the ground state,

the net fraction of ground state should begin to increase
for electron energies above the ionization potential of
the second (322:) state. Thus, the net effect of varying
electron energu should be a dip in the percentage of the
ground state at electron energies slightlu above the
energy of the first excited state (anu). This enables
the ratios of excited states in the ion beam to be varied
and their effect on reactivituy studied. An examination of
vibrational overlap (Figure 1) shows that the ground ionic

state (X2£+) has good overlap with the ground neutral

state while the excited (Aznu) state has much poorer

vibrational overlap with the ground neutral state.a
Calculations of charge transfer cross section by the

impact parameter method indicate a much lower cross

section for the ﬂznustate than for the ground XZE; state



due to this poorer vibrational ouerlap.9 Experimental
work of Flannery et. al.g indicates a dip in cross section
near 35eV electron energuy for ion energuy at 733 eV. This
dip in cross section is about 8% below calculated impact
parameter calculations and has been attributed to the
Aznustate.9 At higher ion energies, this discrepancy is
not seen.9 Experimental measurements were made in an
attempt to reproduée this dip. As the current apparatus
should be capable of lower ion energies than the above

work, it would be interesting to see if the dip is more

prominent at even lower ion energies.

Another interesting suystem is €O which is

isoelectronic with N2. Here the same term suymbols appluy
(without the + and g symmetry) but at different energies.
The CO ground state (xzz) has an energgllof 14.01 eV and
is stable. The first excited state (an) has an
energgllof 16.58eV and lifetimes from 3.5us (vu=1) to 2.4us
(u=6) decaying to the X22 (ground) state.lo The second

excited state Bzz has an energggof 19.70eV and a lifetime
of 45nsec, decaying to the ground (X22) state.12 At an
electron energy of 46.5eV, the Azn state represents about

957 of the ion beam with the remainder in the X22 ground

’state.lo Since the lifetime of the Azn state is on the



order of tﬁe‘transit time of the instrument, it should be
possible to vary its concentration by wvaruying the ion
transit time. With the magnetic mass spectrometer used,
this may be accomplished by varuing the ion energy while

compensating with the magnetic field; /. e.
(4) m/q = kB /V,

where m/q is the mass to charge ratio, B is the magnetic
induction, V is the ion-accelerating voltage, and k is a
constant for the specific mass spectrometer in use. Since
the ion-beam energuy at the reaction cell can be controlled
separately by the voltage applied to the cell, it should
be possible to perform cross-section measurements at a
fixed ion energu but with different ion-transit times (and
thus défferent an concentrations), thus directly probing

the effect of the excited state.

The last sustem which was considered was the O; -
02 resonant charge exchangel3. The ground (ing) state
has an enerquy of 12.09 (eV). The first excited state

(aqny) has an energy of 16.1eV and a lifetime in excess of

20usec. The second excited state (Azny) has an enerqu of



16.8eV and decaus to the ground state. The third excited

state (hqz;) state occurs at 18.2eV and decaus to the 34"
state. It is expected that only the ground (xzng) and
‘ 4,14

aqnﬂ states will be seen in the ion beam. The
fraction of aqnp state in an ion beam produced by electrom
bombardment was found to be 22/ at 25eV, 304 at 50eV, and
337 at 100eV electron energjes.14 Examination of
potential curves for both ion and neutral (Figure 2)8
indicates that the aqnp state of the ion has better
vibrational overlap with the ground (X32;) neutral state
and should thus have a larger cross section than the
ground (in”) state (See section on impact parameter
calculations). Because both states receive contributions
from decaying states above them, there shou}d be no sharp
variation in concentration except at the aqnp ionization
potential. Because this is about 16eV, it is difficult to

get substantial ion production in this region, making the

difference between the states hard to experimentalluy

probe.

After consideration of these four systems, it was
decided that the N; - N2 sustem should be investigated
first, as it has well-studied electronic states that have

provided for the prediction of cross section data.9 In



addition, preliminary data indicated that a difference in

excited state reactivity exists.9
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II B. CROSS SECTION

In studies of kinetics bu molecular beam
techniques, the cross section is tuypically used as a
measure of the rate of reaction. For a beam impinging on
a target, the change in beam current due to collision (AI)

is,

where ID is the incident beam intensity and p is the

collision probability. With a thin gaseous target,

(6) nTarget =N QBeam Ax ©

where N is the number density of the gas (molecules/unit
volume), Ax is the path length and ¢ is the cross section
or effective area of each molecule. Here, a thin target
is defined as one of sufficiently low density that no
molecule shadows another (/. 2. no molecule is in front of
another). Upon substuting equation 6 into equation 3, the

following is obtained:

(7 -Al

i3
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In the 1limit of infintesimal path length (A4Ax20) this

yields

(8) -ci[-I-=Nadx

or,

(9) 3 In I
5x - Ne

-Integrating over the cell length x (and assuming N and o

are constant), gives

(10) ln{lli = o N x,
1

o

where Ix is the beam intensity at the end of the cell.

For charge transfer

(11) Ix = Io - ICT’
where ICT is the current of molecules produced by charge
transfer (See the section on reaction cell), Ideal gas

behavior is assumed (/. 2. N = ;—, where P is the reaction
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cell pressure, k is the Boltzmann constant, and T is the

absolute temperature). Then,
(12) {1 _ CT} _ o P x
' I = xT
{ o
or,
kT Ter]
(13) T = By Inll - T—}
o

This equation permits the experimental measurement of

cross section.

It should be noted that the cross section is a

function of collision velocity (v3) 7. e.,

(14) o = o{u=)

With this in mind, cross sections can be related to the

bimolecular thermal reaction rate constant, which is more

usually employed in chemical studies. For the reaction,

(13) A+ B-~2>C+ D



16

the rate constant [k(T)] is given by

dN

KiT) = oo
NB NR dt

(16)

Upon substituting equation 8, the following is obtained:

N. olu=) dx

A

(1?7 kiu=) = N e
a

or,

(18) k(u=2) = o (uv2) u=,

_But since k represents an average over a temperature
distribution of wvelocities, the expectation value of k

must be taken; /. e.,
(19) K(T) = (k(u=) > =] _Ta(us) p(us,T) v du-
where p{(v=>,T) is the distribution of wvelocities at

temperature T (typically a Boltzmann distribution is

used) .



II C. CLASSICAL CHARGE TRANSFER CALCULATIONS

The basic model for the classical ion-molecule
cross section is the Langevin model.15 The system is
considered to be composed of point particles, where one
particle is fixed and the other is moving relative to it.
The moving particle approaches with a velocity v= and is

off axis bu a distance (called the impact parameter) b

(See Figure 3). An attractive potential field V(r) exists

between the particles. At b=0, all collisions result in
capture (and it is assumed that reaction occurs). But for

b>0, the incoming particle has rotational energu and thus
experiences a centrifugal repulsive force. For a given

initial velocity, the magnitude of the centrifugal force

increases with b. Thus, for any initial velocity there is
a maximum (or critical) value of b = bc that permits
orbiting capture. The capture cross section is given by

the area of the circle with radius equal to bc(uﬂ); . e.,

(20) c(v=2?) =nm [bc(uﬁ)lz.

For an ion-neutral reaction (such as charge

transfer) the attractive potential is due to ion-induced

1?2



is

dipole interaction; /. e.,

2

2
(21) vir) = fmF(r)dr - Jﬂ ‘55‘253 .
r r

2ne o 8ns r
o o

where a is the polarizability, q is the charge, r is the

intermolecular radius and £ is the permittivity of free

space. The rotational potential energy is:
2 2.2
(22) S
rot 2”1_2. 2!‘2

where L is the angular momentum and g is the reduced mass.
The total effective potential is the sum of the attractive

potential and the repulsive centrifugal potential, /. e.:

{23 : aq2 yzuﬁzhz
Vegg®? = ~ 3t T3
8ns 2r
For the critical impact parameter b = bc(uﬂ), the incoming

species has just sufficient energy to orbit the target;

i. &., the relative energy (Er) is sgual to the potential
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energy (no translational energy occurs) or;

2 2
(24) _ L _ aqg
Vers P ppy = T3 7= Ep-
c 2ur anor
Also, at the critical radius (r = rc(uﬂ)) where the
orbiting collision occurs (for b = bc(uﬁ)) the effective
potential has a maximum:
(23) av(r) L2 aq2 .
T — =O= “+ —
ar S
r=r ur 2ns r
c o ¢

Equations 24 and 25 provide two simul taneous equations in

the variables hc(uﬁ) and rc(u4). Solution gives,
5 1/4
{26) {__ag |
b, = % 2ns E‘l
L or
and thus,

{(27) na 172
ogl{u) = nb2 = q
R
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In more convenient units, this is,

(28) o(E) = 5.33 |& ] (82,
tE)

. . 3 235 . .
where a is in cm #10 and E is in eV. A table of
wmon T e o s 1 s ssm T o~ L mewn v T s WY P el Y e R T S - menssse 3 ool
) AT AdeCRAF A & & \»9 VALuTD A WA = wme o LASNRIERS 0 0 :PEUAE: 4 2D yl. WYV AT WA
as Table 1.21

Various attempts have been made to extend the
Langevin theory to ion-polar molecule reactions.

Typically, the rates of protron and other atom transfer
reactions have been studied. One of the first attempts
(referred to as the "locked rotor” approach) to include
the dipole effect was done by Moranm and Hamill.ls’lg
Here, at low collision velocities it was assumed that thse
dipole was aligned with the molecular collision axis.
Introducing the dipole moment into the potential function,
the determination of cross section was performed similarly
toc the Langewvin (induced dipole) cross section. At higher
velocities, the Langevin cross section was used on the
grounds that orientation of the dipole 1is no longer

possible, At intermediate velocities, a weighted average

of the two (i.‘e. dipole and induced dipocle) cross
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. 17 . .
sections was used. ' This approach tends to ouverestimate
the eaffect of the ion-dipole interaction; resulting in
cross sections larger than the experimental values. This

provides an upper theoretical hound.ls

15,20

A second method (due to Dugan and Magee ) was

to solve the classical equations for a rotating dipole

under the influence of an ionic molecule,. Initial
positions and orientations were chosen at random. As in
the Langevin case, the capture cross section was

calculated. It was found that orbiting collisions did not
occur unless the minimum radius was below some critical
value (typically 1-28).20 This simpler criterion was then
used to evaluate whether a given trajectory led to

15,20

capture, It was also found that the capture cross

section varied with respect to the —O.EED to -0.7£Epower

of the translational energy; . e. ,

(29) o(E) = cE

where E is the translational energy,; ¢ is 2a constant and n

N
is between -0.6 and -0.7.““ This last assumption doesn’'t

allow for a variable rate of dipole "locking” in different
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species that can produce spurious cross sections.15

A third approach is due to Su and Bowers.15
Here, the method is similar to the locked dipole approach
of Moran and Hamill,19 but assumes the-dipole locks at
some average angle with respect to the ion. This angle is
calculated at the critical radius r. (as in the Langewvin
method) as the expectation value over a distribution that
includes the effects of the rotational energuy as well as
the number of waus a given molecule can be oriented with a
given angle &. This awverage angle & is then used (as in
the locked rotor approach) to calculate a capture cross
sectinn.15 A variation of this method23 is to calculate
the variation of cross section with angle, and then to
calculate the expectation value of the cross section over
the angqular distribution. The first approach tends to
work better in the limit of non-polar reactions, while the
second approach works better in the 1limit of polar

molecules.15

In examining the above capture methods with
respect to charge transfer, four things should be noted.
First, such cross sections onlu consider the orbiting

capture under the influence of long-range forces.16
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Second, it must be assumed that every capture results in
charge exchange f(or else that some fixed efficiencuy
exists).16 Third, where reactions other than charge
transfer exist, the total cross section must be divided
among these reactions.17 If ion or atom transfer
reactions are exothermic, then these will predominate at
the expense of charge transfer.17 Indeed, it is for this
class of reaction that the Langevin cross sections are
most sucessful. Fourth, charge transfer reactions
generally show less dependence of cross section on kinetic
energu, as can be seen by examination of Table 2. An

equation of the following form is typically used to

extrapolate data for charge transfer reactions,

172

(30? o = —klln U + k2’
where kl and k2 are fitted constants and v+ is the
relative uelocitg.17 The difference in energuy dependence

be tween charge transfer and capture cross sections
suggests that an orbiting collision is not necessary for
charge transfer, otherwise the experimental values for
charge transfer cross sections should decline much more
rapidlu at high kineﬁic energies. Thus the capture cross
sections are less suitable for charge transfer than the

impact parameter methods (to be discussed later).
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TABLE 1 - MOLECULAR POLARIZABILITIES (a) 2%

Molecule a*loz5
(cmg)
H2 7.9
N2 17.6
02 %6.0
CO2 19.5
N20 30.0
CH4 26.0
Cl2 46.1
CCl4 105
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TABLE 2 - CROSS SECTION DATA FOR N; + N, = N2 + N;

Kinetic enerqu ‘Experimental Langevin
(lab eV) cross section18 cross section21

(R?) (82%)

1 39.1 22.4

3 36.1 12.9

5 28.1 10.0

10 23.1 7.1

20 22.7 5.0

S50 21.7 3.2
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II D. IMPACT PARAMETER CROSS SECTION CALCULATIONS

The “impact parameter”™ method is a semi-classical
method of charge transfer calculations in which the

velocity and impact parameter are well defined (usually

fixed). This limits the velocities to below iOch/sec,27

which corresponds to about 70keV for N; - N2 or CO+ - CO

collisions. At low energies, the basic assumptions are

that the wavelengths associated with the momentum and with

the momentum transfer must be small compared to the impact
24

parameter. The use of a fixed velocity and impact

parameter limits the minimum applicable velocity to

3

approximately (105/y1/2) cm/sec (i. e. = 5#10 “eV for
N; - N2 or CO+ - CO) where y is the reduced mass, in
Daltons.27 This is due to a failure to allow for curved

trajectories under the influence of the intermolecular
potential. The time-dependent Schr;dinger equation is
solved by a perturbation treatment using the interaction
between the ion and neutral as the perturbation. The
probabilities of charge transfer, calculated at each
impact parameter are inteqrated over all impact parameters

and over all phase space to give the cross section:24

(31) o = 2n__{‘°:x=(b) b db,

27



28

where b is the impact parameter and P(b) is the
probability of reaction at a given impact parameter. Two
approaches have been used in formulating the sustem’s
description. The first (referred to as the "atomic” case
by Flannergg) describes the sustem in terms of the wave
functions of the ion and neutral at infinite separation.
The initial (or direct) state is given by the wave
functions of A and B+ evaluated at infiﬁite separation.

The final (or exchange) state is given by the wave

functions of A+ and B, also ewvaluated at infinite

seperation. The wave function of the total sustem is

taken as the sum of the initial and final states.24 The
. 24

time dependent Schrodinger equation may be written as:
(c. ¥. + c, ¥,)

(32) c, H’ ?i + c, H' ¥, = i

where ci and c are the coefficients of the initial and

£
final states, *i and *f are the initial and final wave
functions, H' is the perturbed Hamiltonian, and h is
Planck's constant. The Schrodinger equation is solved (as

above) and the phase shift is taken into the coefficients

9,24 .
1. &..:

(33) C = ce'¥



29

where C is the new cbeﬁficient, ¢ is the amplitude, and w
is the phase. The probability of charge transfer (and
thus the cross section by equation 31) is given by the

complex product of the coefficients of the final state:24

(348) P(b) = ¢ £lx 2 o
One problem occurs in the asummetric case;
microscopic reversability may be violated. The cross

section for the reaction:
(35) A+B +a" +B

should be the same as the cross séction for the reverse

reaction:
(36) At + B2 a + B,

since the reactions differ only in the sign of the
relative wvelocity uector.zs However, in the first
reaction wave functions made from A and B' were used while

in the second reaction wave functions made from Q+ and B

were used. Thus the transition probabilities need not be
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equal. This can be avoided by including product
Hamil tonium terms, whichlcan be ignored in the symmetric
case. Often, however, these terms are difficult to
evaluate and thus ignored in the hope that theuy are

sufficiently small.24

The second case (referred to by Flannery as the
“"molecular” case)9 involves the formation of wave
functions for the (A...B)" complex. These wave functions
are usualluy chosen as one-electron wave functions about
the At and B+ cores. The time-dependent Schroedinger

equation is solved to obtain the cross sections.

So far, the vibrational terms have been
neglected. If they are assumed to be separable then a
vibrational overlap term can be added to the wave

£unctions:26

(37) ¥ = wel wuib'

The coefficients of the wavefunctions are the product of
three terms; the first, a qground state electronic term,
the second a vibrational energuy term, and the third, a

phase shift associated with the time dependent equation
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i. e.:
(38) €C=c P(l,me'¥
where C is the coefficient, c is the electronic

coefficient, P(l1,m) is a vibrational overlap term, and the
exponential is associated with the time dependent
solution. The cross sections mauy then be thought Af as
being the product of +two terms, a vibrational overlap
(Franck-Condon) term and an electronic probabilitu term.
Thus, charge transfer occurs most efficientlu when both
the energies of product and reactant states are the same
and when the internuclear radii of both A and B are

unchanged in the reaction process.

For the suymmetric case using molecular wave
functions,9 the charge transfer occurs not by an
electronic transition (as in the asummetric case) but by

the phase shift produced in the collision. The

probability of transfer is given bg:9
(39) P(b) = sinzn(b)

where P(b) is the probability of charge transfer, n is the
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phase shift, and b is the impact parameter.

The magnitude of this phase shift is related to
splitting of states into gerade and ungerade states by the

intermolecular potential; /. e.,

(40) n = ,_l‘:[E (R) - E_(R)1dZ

2 g

]
uh]

P —

where Eg and Eu are the gerade and ungerade energies
respectively, Z is the molecular collision axis, v is the
velocity along the Z axis, and h is Planck'’s constant.9
This energy difference is related to the interaction
potential.24 Therefore, some measure of the interaction
potential is needed to obtain the cross.section. For the
(H;,Hz) reaction, Bates and Reid26 calculated this
splitting by direct solution of a

one-electron wave function around two rigid cores,

However, this becomes more difficult for species of higher

atomic number. For the (N;, N2) and (C0+, C0) systems,
Flannery et. al.9 fitted experimental scattering
potentials (/. e. Lennard - Jones) to a Morse function to
obtain the energies needed in equation (39). They .

obtained +the necessary wvibrational overiaps from the



literature for v = 0 (for the neutral reactant), and with
a Morse potential for higher vibrational states of the
neutral. Strictly speaking, these calculations should be
done for reactions leading to all allowed product
vibrational states. However, since at low velocities the

cross section is much greater for resonant (or near

resonant) reaction paths, only these paths need be
included in calculations. This approach is called the
“"low-velocity” approximation by Flannergg. Furthermore,

if both reactants are in their ground vibrational states,
then only the products in their ground vibrational states
need be considered. This is called a “two-state"”
approximation.9 The resul ts of the “low-velocity”
;, N2) and in
Table 4 for (CO+, C0) . The agreement between the

calculationé are presented in Table 3 for (N

“low-velocity” and the full multistate calculations are
obviously best for moderate energies and low vibrational
states. At higher collision energies, increasing
contributions from non-resonant reactions must be
considered. Calculations including all states with change
in vibrational states equal to O, 1, and 2 are presented
for (N,, N,) in Table 3 and for (CO', CO) in Table 4. For
the (CO+, Cc0o» reactiong the low-velocity calculations show

excellent agreement at energies as high as 733eV and good
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agreement as high as 1910eV., The bhetter agreement in the
€O reaction is due to the preferential Franck-Condon
factors (/. e. the radii of CO and CO+ are more similar
9

+
than N2 - Nz).

Similar calculations have been performed for the

0+ -0 and NO+ - NO sgstems.4 Because vibrational

2 2
coupling is weaker for resonant channels and stronger for
non resonant channels, the two state approximation is not
as useful as for the N; - N2 and C-O+ - €O sgstems,4 In
the 0; - 02 system, the aqnp state (although it decays
rapidly) weights the wvibrational distribution of the
ground state such that a large number of terms are needed
for convergence in the multi-state ealculation.4 For this
reason, Moran, et. al.ao limited their calculations below
the aqnu jnnization potential (16.1eV). In the NO case,
the lack of information on ion states that are accessable
by electron hombardment (and perhaps by charge transfer)

but not by photoionization, makes attempts at experimental

verification difficult,4

Because of the importance of the wvihrational
overlap in symmetric resonant charge transfer, it is

possible to determine the cross section between any given
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reactant and product vibrational states relative to any
other set of reactant and product wvibrational state

(assuming that the same electronic states exist in both

sets of reactions).28 This is a consequence of the

assumed separability of electronic and vibrational states.

A scaling term (S) can then be defined, i. e.,28

] . ] » ] s ) [

(41) o(u.,v. 2 v v |E) = S o(v ,u 2 v v |E)
1771 k” 1° o’ o o' o

where the ' and represent neutral and ion, respectivelu,
and E is the relative translational energu. This scaling
term is simplu the ratio of the vibrational overlaps of
the desired channel and the reference (v’'=0, v"=0) channel
multiplied bu the ratios of phase shifts in the desired
and reference reaction channels. This approach has been
used te fit a scaling matrix to the product cross

sections: 28,23

(42) o(v’) = M 0(0,0 - 0,0|E),

where M 1is a scaling matrix in terms of the scaling

parameters (t2) and € These fitted parameters were then

e
used to deconvolute the state—-to-state cross sections.

The validity of this approach has been demonstrated 4,28
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by deconvoluting the theoretical product cross sections of
Moran, et. a[.g to obtain the theoretical state—-to-state
cross sections (also of Moran, et¢. 31.9). Al though this
does not at first glance seem to be impressive, it should
be noted that no assumptions as to the form of the
potential were made and only the overlap factors need be

known.28’29

Unfortunately, most experimental data does
not readily provide product state distributions suitable
for use in this me thod. However, when and if
experimentalists are able to provide such Adata, this

technique may be able to provide state-to-state cross

section data.
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TABLE 3

Impact Parameter Cross Section59 for

N;(xzz;, vly + N2(X12;, u;=0) N
Nz(xlz;, S, .0+ Nzcxzz;, S,0)
Me thod Ion Enerqu
156eV 400eV 735eU 2210eV

low-velocity 36.24 41.30 32.88 14.87
multistate 36.73 38.70 31.38 15.81
low-velocity 38.30 39.10 29.70 12.94
multistate 35.79 36.73 27.72 14.90
low-velocity 39.93 35.80 25.83 10.80
multistate 33.54 35.03 26.68 13.92
low-velocity 39.99 31.49 21.72 8.76
multistate 30.07 31.67 23.91 12.82
low-velocituy 37.86 26.45 17.52 6.84
multistate 25.28 27.37 21.17 11.80
low—-velocity 33.37 21.01 13.44 5.10
multistate 20.72 24.23 19.15 10.90
low-velocity 26.99 15.60 9.70 3.59
multistate 17.76 22.29 17.94 10.16
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TABLE 4

Impact Parameter Cross Section59

cot(x

CO(X

1

2

1.+

2.+

t, S .0 + cotx“z’,

s

u)

)

for

t, vy + coexizt,un=0) o
s ] o

v! Me thod Ion Energy
156eV 400eV 733eV 1910eV
0 | low-velacity 33.38 | 40.55 | 38.36 | 22.69
multistate 32.96 38.81 36.78 22.86
1 low-velocity 33.34 40. 80 37.39 21.52
multistate 33.49 39.40 36.19 22.20
2 low-velocity 33.350 40.87 36.42 20.47
multistate 33.43 41.37 36.44 22.05
3 low—-velocity 33.79 40.79 35.47 19.54
multistate 33.52 41.68 35.90 21.65
4 low—-velocity 34.15 40.62 34.58 18.72
multistate 33.85 41.60 35.28 21.31
5 low-velocity 34.50 40.42 33.78 18.00
multistate 34.17 41.40 34.69 21.01
6 low-velocity 34.89 40.15 33.04 17.40
multistate 34.48 41.15 34.18 20.76




hen the only toofl you have is a hammer,
every problem begins to look [ike a nail.

Abram Haslow31
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IXIXI. INSTRUMENTAL

III A. Introduction

The basic design and construction of the
apparatus was due to A. Sm.ith.32 His original apparatus
was built and used:32 at the NASA Langleu Research Center.
In 1980 this apparatus was dismantled and the ion source
(without power supply), ion optics, charge transfer cell,
and wvacuum chambe; were sent here to Virginia Tech. It
was necessaruy to suppluy the following: vacuum systems for
the ion source and cell chamber, inlet suystems for the ion
source and charge transfer cell, power supplies for the
ion source and ion optics, and detection facilities for
reactant and product ions. Additionally, attempts were
made to improve the signal-to-noise ratio by use of a
modulated beam detection suystem. The experimental
apparatus (Figqure 4) may be described in the following
manner. Ions are produced by electron bombardment. The
desired ion is then selected on the basis of its mass to
charge ratio by passage through a magnetic field.

Focusing optics are used to transport the mass selected

ions to the reaction cell. At the reaction cell, the

40
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neutral gas, which is maintained at a known pressure,
reacts with the ion beam to produce product ions. Energy
selection is used to separate the product (slow) ions from
scattered and incident (fast) ions. = The experimental
apparatus can be conveniently broken into four major
subsystems:

1) ion production and selection (m/s).

2) ion transport (ion optics).

3) reaction cell and chamber.

4) ion detection.

These are briefly described below in separate sections.
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Figure 4 - Charge Transfer Apparatus (not toscale)
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III B. 1) Ion Production and Selection

Ions were produced by électron bombardment and
the desired species were mass selected in a modified
magnetic mass spectrometer (Consolidated Engineering
Corporation model 21-401, circa 1953).33 This is a single
focusing permanent magnet unit, whose magnetic field is
adjustable by motor-driven magnetic shunts. The wvacuum
system was adapted from a Bendix time-of-flight mass
spectrometer and consists of a mercury diffusion pump with
refrigerated (Freon TM) trap and liquid nitrogen trap. A
heilows valve was installed between the trap and ion
source to reduce contamination caused by the boil off of
nitrogen trap contents after shutdown. A basic electrical
outline of the ion source is given as Figqure 3.
Originalluy, a separate electron shield supplu was used in
an attempt to hold the shield at a potential relative to
the filament. It was found that maximum electron-beam
current was obtained at zero shield voltage (relative to
the filament). Additionallu, negative potentials tended

to attract the hot filament to the shield, welding and

usually breaking the filament. For these reasons the
shield was fixed at =zero potential. Tupical operating
potentials are given in Table 3. A rhenium filament was

43
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used with a d.c. heating current of 3.9 A which
corresponds to an applied voltage of about 3.3V, A d.c.
power supply was used to reduce fluctuation caused by the
a.c. electrical supplu. The filament was maintained at a
positive potential with respect to the ionization chamber
by use of a d.c. power supply (Fluke model 407D). This
potential is the nominal electron enerqu. The actual
-electron enerquy 1is affected by the potential gradient
across the ionization chamber (necessaruy to draw ions out
of the ionization chamber), by surface charging, and by
the potential drop across the surface of the filament. It
is necessary to determine experimentalluy the actual enerqu
of the electron beam in the region of ionization. This is

done by determining the appearance potential of NS (i, e.

2
electron-accelerating voltage at which N; ion current
appears). A plot of ion current versus electron potential
is made and a straight line is drawn tangent to the rising
portion of the curve (see Figure 6). The difference
between this voltage and the known appearance potential
for N; (15.735eV) 1is added as an offset to the nominal

electron energu. /. e.:

(43) eEp o = €E o inal ¥ PPrrie T PPoierimental’”
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The assumption that a simple offset provided correction

was verified by testing mixtures of N2 and Ar. The offset
+

for N2 uielded correct appearance potentials for Rr+ and

Qr2+. The offset is expected to vary whenever

ion-repeller potentials were changed and thus a new offset
must be determined. Typically, the offset was determined
with each dauy’s run. As such corrections were not
sustematically applied to previous work with this
instrument,32 this causes doubt as to the validituy of the

reported electron energies in earlier work.

Ions, produced . by electron bombardment, are
accelerated across the ionization chamber under the
influence of the repeller’'s potential. The ions are then
accelerated by the ion-enerqu power supply (EKepco model
ABC-1000) . As in the case of the electron enerqu, the
actual ion energy is determined not onluy by the selected
potential of the ion energu power suppluy but also bu the
values of the repeller potentials as well as the charging
of ion source surfaces. For this reason, it was necessary
to determine the actual ion energu e#perimentallg. This
was done by plotting the ion current versus the potential
applied to the charge-transfer cell (and screen). The ion

energuy was defined as the potential at which the ion beam
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iﬁtensifg has been reduced by one half, relative to that
at =zero potential (See Figure 7). Since the cell (and
screen) are maintained at a potential relative to ground
(See the section on the reaction cell.), the ion enerqu

during the charge-transfer experiment is given by

(44) Ion Energqu = ¥, .. = e

== i72 CTCS
where ?1/2 is the retarding potential at half-beam
intensity and ?CTCS is the potential applied to the cell.

The wvalve of must be redetermined - whenever the

*1/2
repeller wvoltages or ion-energu potential have been
changed. Typically, this was done at the end of each

day's run.

The ion-accelerating energuy and the magnetic

field intensity were varied Jjointly to achieve the maximum
N; ion current. The magnetic field intensituy was varied
by changing the distance between two magnetic shunts.
Best results were obtained with a shunt gap (distance
be tween shunts) of 1.570cm (0.618in) and an
ion—-acceleration wvoltage of about 630V (actual wvalues

depend on repeller settings). With an ion-source pressure

of about 5.7*10-6T0rr {as measured at the ionization
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gauge?), a N; current of 5.3*10—99 was obtained at the
6utput of the mass spectrometer. This is similar to

levels obtained by A. Smjth.32

A study of ion-source pressure (Figure 8) versus

+
output current shows that a fall off in N ion beam

2
current occurs at pressures above 1.0*10~6Torr. This is
likelu due to ion—mﬁlecule reactions occuring inside the
ion source. Ta awvoid this and to maximize the ion
current, operating pressure was kept below 8*10_6Torr. In
order to provide for a controlled introduction of gas into
the cell, an inlet suystem (Figqure 9) was constructed. Gas
was admitted to the manifold at about 200Torr and then
expanded into the expansion tank. The resulting pressure
was on the order of 5S00mTorr. The needle wvalve was
adjusted to produce a pressure in the ion source ranging
from 4 to 6*10—6Torr. The use of a preliminary expansion
and a needle wvalve, in addition +to the porous frit,
allowed the ion-source pressure to be adjusted <(and
read,justed, if necessaruy, over long runs) to within 10%Z.
This tupe of precision is almost impossible to achieve
with a needle valve and a "high pressure” (/. e. Torr)

manifold. A porous frit without the needle valve provides

a fixed gas flow which can not be adjusted to allow for
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depletion of the manifold. ({In principle, a less-porous
frit could have been used which would have allowed higher
pressures and thus little depletion, but the frit employed"
was supplied with the ion source and its replaéement would
have been more difficult than construction of the sustem

actually employed.)

Since the gases employed are of relatively low
molecular mass, it was not considered necessary to perform
extensive tests of resolution. An indication of the
actual resolution is the udltage width of the ion beam.

For a magnetic instrument,

(43)

L3
]
<l

where k 1s an instrument constant {(for a fixed magnetic
field), V is the ion energy and m/q is the mass to charge

ratio. Defining the resolution (R) as

)
L
[+ 3]
[
>3
3
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and substituting equasion 45, the following is obtained

foe]

!

R
> | <

<]
<
[
<

where the subscripts L and H refer to the lower and higher

half heights, while the m refers to the midpoint of the
+
2

a half width of about 3V, this gives a resolution of about

peak. For nitrogen {(N,), with an ion voltage of 6922V and

138, which is more than adequate for these studies.



29

+
Typical Ion Source Parameters for N2

(see Figure 3 for definition of uwoltages)

element valtage (V)
electron energy 70.0
inner repeller 69.23
outer repeller 31.4
inner focus 44 .4
outer focus 47.3
anode 19.5
ion energy 629

Temp. = 390°F,

Heater current = 2.5R.
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III1 €. 2) 1Ion Transport

The ion beam produced in the ion source must be
transported to the reaction cell. The ion optics were
designed to accomplish this function. The current set of
ion optics (Figure 10) were designed and constructed by A.

Smithgz.

They may be conveniently divided into two parts,
those that reside in the chamber (“T") attached to the
mass spectrometer, and those that reside in the chamber
that holds the reaction cell. The first element (inside
the "T") is called the Ring Drawout (RD) and acts as a

mirror to redirect the ion beam toward the reaction cell.

The next element (L1) is used to collimate the redirected

ion beam. The remaining elements are used to provide
focus and collimation. Tupical operating voltages are
given in Table 6. Ion currents (for N;) were on the order

9 10

of 1.1%10 "A at the end of the "T" and 1.9%10 A at the
exit of the ion optics. When focused to provide maximum

current through the reaction cell (/. 2. at the rear beam

flag) a current of 1.3*10_109 was seen on the cell and
screen and a current of 1.9*10_11A was seen at the exit of
the cell. Thus the total transmission of the ion optics

was on the order of 20/ through the first stage (inside

the "T") and 20%Z through the second stage for a total
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transmission of about 4. This compares quite unfavorably
with the total beam current at the cell of 1.7*10-99
reported by A. Smithaz. The exact reasons for this
discrepency are still unknown. In addition to problems

with low-beam-current levels, severe problems with beam
stability also existed. For unknown reasons, the beam
levels would drop below those necessary to perform the
experiment. Attempts at cleaning, alignment, and
readjustment of voltage levels were onlu marginally
sucessful. Because the current levels could not be
increased to useable levels, it was decided to reduce

noise by use of a modulated detection sustem.
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TABLE 6
Tupical Values for Ion Optics

(all voltages relative to ground)

Element Vol tage
RD +123
L1 -411
T1 +2295
T2  -243
L2 0
T3 +190
FD1 +14
FD3 +39
FD2 +83
FD4 +83
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Figure 10- IonOptics*(not to scale)




III D. 3) Reaction Cell

The reaction cell (Fiqure 11) is the chamber in

which the target gas was placed and reaction products were

measured. The pressure was maintained in the lo—qTorr
range by the cell inlet system (Figure 12). The suystem
was evacuated with a mechanical vacuum pump. Gas was then

admitted into the small tank and expanded into the large
tank with resulting pressures.helow 20Torr. The manifold
pressure was measured accurately with a calibrated Bourdon
gauge (Wallace and Tiernan model 39160 0-20Torr, readable
to 0.01Torr). The gas flows into the cell through a frit
of 9.74*10—615-1 conductance.32 The entrance and exit of
the cell are copper plates with a knife-edged circular
orifice of 0.11{0cm and 0.159cm, respectiveluy. Since the

pressure in the cell 1is in the molecular region, the

conductance (C) can be calculated:

(a8) o ann 2]TIY?
C = 1ii428 r ,—1
,_m

where the conductance is in cms/sec, r is the radius in

dm, T is the temperature in EKelvins, and m 1is the

molecular weight in g/‘mole.34 At equilibrium the flows
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into and out of the cell are equal:

(49) Pieil Cceti = Piniet Cerit

or,

(50) P ., =P._ | C. ..
ceil iniet "frit .

ceil

Thus, the pressure in the cell can be calculated from the

pressure in the inlet sustem.

The beam flag (BF1) has a smaller (0.079%cm
radius) circular hole than the entrance and prevents
measurement of current that does not enter the reaction
cell. The exit flag (BF2) measures the current which
passes through the cell without reaction or scattering.
Typically, about 25 to 30Z of the beam was transmitted
through the cell (with gas present). This indicates a

very good focus through the cell.

The product ions are produced with largely
thermal kinetic energies (/. 2. little momentum transfer

exists). Because of this, it 1is possible to separate
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scattered incident ions from product iohs_ bu energuy
analysis. é potential difference (A¥) is applied between
the screen (CTCS), which is made of mesh, and the solid
reaction cell. At zero potential, some of the scattered
reactant and product ions will hit the screen (becausé it
has finite area). As the potential is increased (the cell
is made more positive) the slow product ions will be
attracted to the grid while the fast (scattered) ions will

not be deflected enough to avoid being collected on the

cell wall. Thus, a plot of ICTCS / ITOTQL vs. A?¥
(Figure 13) will show a minimum current at AY = 0 and will
show an increase to a maximum [I_._._| 1] at a value of
i CTCS i
|
lITOT AP ”J
AP ~ 20U, The charge transfer current is given by
(51) I I i I i
T = CTCS i _ ~CTCS i
Itor !4? + o  IroT lA? .

Upon inserting this in the equation for cross section

{equation 13) the following is obtained:32

|
TOT}A? - o

r

(52) I I
..} S lngl - _tIcs + CTCS‘ }
Pcell X I I
TOT ]A? = o!'
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This provides the cross section in terms of the
experimentally measured variables. The measurement of ion

current is covered in the next section.
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III E. 4) ION DETECTION

Originally, measurement of ion current was made
with an electrometer (Keithley model 602) which is capable
of measuring currents at up to +1500V above ground. Since
only one such electrometer was available, a switching

arrangement was emplouyed (Figure 14). The switech is a

ceramic-rotary-wafer switch. To reduce leakage, only
every other set of poles was used. This results in a

non-connected position between the CTC measure and CTCS
measure positions. The switch was originallu mounted in a
polysturene box with coaxial feed-throughs used for the
supplies and connections to the CcTC and CTCS.
Unfortunately, the leakage due to the conductivity of the
box made this unusable. The switch was then mounted on a
0.253in. piece of Plexiglas (TM) with the extermal
connections made directly to the switch. This arrangement
proved generally sucessful al though extremely humid
conditions still caused excessive leakage. This was
partially a result of inadequate room humidity control and
poor sealing of the room from outside air. Electrical
leakage occured both at the ceramic switch and at the
coaxial feed-throughs (used to pass the CTC and CTCS

connections through the wall of the wvacuum system).

67



68

Heating the surfaces with a hot-air drier did not provide
any improvement. Spraying the surface with 2-propanol did
reduce the leakage but required an overnight wait to allow
the alcohol to evaporate (Attempts to speed druing with
forced hot air were not sucessful). It is likely that the
treatment with 2-proponol also removed surface o0ils and

dirt from the surfaces.

Al though coaxial feedthroughs were used for the
CTC and CTCS leads, great difficulties were experienced
with leakage currents. Some idea of the problem involved

can be obtained by appluing Ohm’s law:

{(33)

+=4| by

With a minimum current (I) on the order of 1*10-139 and a

cell retarding potential (E) of 100V, the minimum
resistance (R) to ground must be greater than 1015 Ohms .
Unfortunately, the resistive current was not constant but
exhibited a pronounced “spiking"” tendency. This was
iikeiy due to smail breakdowns in the insulation which

vanish af ter the charge (current) has dissipated.

Additional severe problems with capacitive {and possibly
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ﬁiezoelectric and/or triboelectric) pickup produced noise
with instrument vibration and operator movement. Because
of these problems and the low level of ion beam current,

it was deqided to use a modulated detection system.

Modulation was applied to the element RD (in the
ion—-transport optics). This element was chosen because it
was sensitive to voltage level. Alsc, it was felt that
modulation applied to the ion source might affect state
distribution and energy levels. A Erohn-Hite model 5800A
signal generator was used with a Bogen model 0O100AR
amplifier. They were isolated from the d.c. voltage of
the RD element with a Stancor model P-6461 filament
transformer (117Uin, lovout) that was reversed to prouvide
approximately a 10:1 step-up ratio (Figure 13). Best
results were obtained with a3 sine wave with frequency of
about 200cps (Hertz). Frequency and a.c. voltage were

measured with a Hewlett-Packard model 140A oscilloscope.

Detection of signals was performed with an
- Applied Research model 128A lock-in amplifier. This
device acts as a phase (and frequency) sensitive a.c. rms
vol tmeter that measures only the component of the imput at

the same phase and frequency as the reference signal.
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This greatly reduces noise and eliminates problems with
d.c. leakage current, Since the signals to be measured
were currents; while the lock-in amplifier is a voltmeter,
a 4H0hm- resistor was placed across the electrometer
terminals. The signél to the lock-in amplifier was>taken
across that resistor. The amplifier has an adjustable
nhase network which was used to compensate for a phase
shift between the maodulation input and the ion signal.
This shift was the same for both <cell and screen
electrodes. Severe problems were encountered with ground
loops in the a.c. supply circuits. These were reduced by
insuring a common ground point for all power supplies and
floating the case ground for the supplies to the cell and

screen. Although this reduced the severity of ground-loop

noise to usuahle levels, it did not completely eliminate
noise due to ground loops. In particular; severe noise
was seen each weekday from about 4:43 to 5:30 pm. The

exact source is not known but is likely due to equipment
shutdown on campus at end of normal oaffice hours,
Additional support for this hypothesis comes from the
observation that noise levels were generallu lowest during
night-time hours. It should be noted that the problem
with ground loops was probably no warse for detection with

the lock-in amplifier than was the case for detection with
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the electrometer. However, the use of an oscilloscope to
monitor the output of the lock-in amplifier made detection
of ground loops much easier. Additional noise was picked
up from the fluorescent lamps on the ceiling above the
apparatus. This necessitated the installation of
incandescent lamps to be used in place of the fluorescent
lamps. In spite of these difficulties, the use of
modulated detection greatluy improved the signal-to-noise
ratio and made measurement possible at much lower signal
strengths. Additionally, the use of modulation detection
greatly reduced problems with humidity and other sources

of d.c. leakage currents.
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Electrometer

Figure 14-Electrometer Switch

(CTCS measurement shown)
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IV. EXPERIMENTAL RESULTS AND CONCLUSIONS

Experimental cross sections obtained with
electrometer detection are presented in Table 7.
Experimental cross sections with modulated detection
(lock-in amplifier) are presented in Table 8. The
reaction-cell pressures in both sets are similar. These
pressures are toward the upper range in which cross
section linearituy exist532 and were chosen in an attempt
to maximize signal. As stated earlier in the section on
ion optics, there were severe problems with the level of
ion beam current and with intermittent instrumental

failures.

The data will be reviewed with emphasis on the
following questions:

1) What is the effect of electrometer versus
modulated detection?

2) What is the effect of electron energu on the
charge transfer cross section?

3) What is the effect of ion energy (collision

velocity) on charge transfer cross section?

The first of these questions is best addressed by

74
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noting that the use of modulated detection eliminated most
problems associatedeith leakage currents. As noise had
reached levels that prevented cross section measuremt, the
use of modulateﬁ detection became essential. An
additional aspect is the effect of modulated detection on
precision. This was investigated bu combining data at
similar ion energies and then examining the variance of

each set (Table 9). The F ratio test mau be expressed as

<

{354) Fin,d) =

o
a- |3

where Fi{n;d) is the value of the F ratio for n degrees of
freedom in the numerator;, d degrees of freedom in the
denaminator, and Un and Ud are the wvariances aof the

numerator and denominator respectively. Comparing each

of 1.80 is obtained for the higher energy set and F{(23,20)
of 10.6 1is obtained for the lower energy set, The
probabilities that the reduction in variance is not due to
chance are 89.7% and greater than 99,99%, respectiuelgxas
Viewed in this manner, modulated detection is.definitelg

seen to provide more replicable data than electrometer

detection,. Unfortunately, the F ratio test between the
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two electrometer data sets (taken at different energies)
gives a value of F(20,18) = 5.90, which is significant at
greater than 99.962.35 Thus the reduction in wvariance
between the data sets might also be due to increasing ion
energy; the variance may be less at higher ion energies.
To separate these two factors, it would be necessary to

run modulated detection data sets at various ion energies

(perferably the same as those buy electrometer detection)

and to analyze the wvariance. Because of instrumental
difficulties, this was not completed but should be
seriocusly considered in future work. It is likely that

the wvariance is related to the noise present when the
various data sets were run. Indeed the increase of noise
that occured when the lowest energu set was run prompted
the use of modulated detection. Since this noise was
present even at high ion energies and was substantially
reduced by modulated detection, it is felt that the
precision of the cross section data was indeed improved by

the use of modulated detection.

A useful analysis of precision can be obtained by
considering the replicate measurements listed in Table 11
and plotted in Figure 16, The average of the 95%

“Student's t" (actually Gosset’s t) confidence limits is
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i7.482 for 4 runs (3 deqrees of freedom). In order to
experimentally confirm an 8% dip in cross section at low
electron energies, the confidence limit must be reduced to
about 252. The reduction in the wvariance (02) varies with

the reciprocal of the number of measurements (n):

2
{
33) 2 omeasured
T el
n
where 02 is the measured variance. Since the
measured

confidence limit varies with the sguare rooct of the
variance, the reduction in the confidence limit wvaries

~-1/72 . .
n . This means that some 10 tc 20 times the

with
number of measurements for eaéh electron energy will be
needed to see such a dip (unless current signal levels can
be improved). To provide this degree of confidence at
each of S electron and 5 ion energies would require on the
order of 1000 to 2000 cross section measurements. Clearly
either a dramatic improvement in precision or a totally

automated operation would be needed to establish suitably

accurate cross sactions.

The second gquestion (What is the effect of

electron energy on cross section?) is addressed by fitting
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a least-squares line (Figures 17, 18, ahd'19; and Tabhle
10) to the cross-section-versus-electron—-energy data (at
fixed ion energies). The slopes and intercepts of these

lines are given in Table 10, The validity of such a line

W

may he examined bu considering the reduction in varianc
between the zeroth and first order (linear least-squares)
Eits,36 The F ratio for this reduction in variance (see

Table 10) is 2.835 for the heam with 479eV ion energy,; 1,05
for the heam with 2282V ion enerqu; and 3.689 for the heam
with 3%eV ion energy. These are statistically different
from chance at 90.0%Z, 67.8%4;, and 93.3% respectively. Thus
the relationship between electron energy and cross section
at an ion energy of 226eV can not he demonstrated,. This
is likely due to scatter in the data. The relationship in
the other two data sets, however, appears to be justified.
The dependence of cross section on the electron snerguyu
leads to two important conclusions, First, the enerqgy
variation in the electron beam affects the precision of
the cross section (although this effect is extreamly minor
in the preset experiment),. Second;, and more importantly,

the electron enerqu used to produce the ions must he

n

accurately known if various experimental values of cros
sections are to be compared. This requires regular

comparison of the electron energy to accepted standards
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{such as the known appearance potential of an ionic
species). Because of the scatter in the data, differences
in the slopes are not statistically significant and
attempts to examine trends in the slope are not sttified.
With this reservation in mind, it is still interesting to
examine the observed trend of decreasing slope and
increasing intercept with decreasing ion energu. At
higher electron energies it is expécted that the ions
would be produced in higher vibrational states. Due to
the vibrational overlap factors between ion and neutral
(for N; - N2), the lowest wvibrational states should
possess the greatest cross sections. At lower ion
velocities the interaction time increases and the
difference between the reactivity of the wvibrational
states should become more marked. Further research is

needed to confirm this observation.

The third question (What is the effect of ion
energuy on cross-section?) is addressed with the same
approach as the second question addressed. Unfortunateluy,
the large scatter in the data (relative to the effect of
ion energu) made attempts to plot a trend line totalluy
unjustified. The wvery small slope of such a line
382

(z3*10— /eV) is indicative of the ion influence of ion
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energy on cross section. The fact that less dependence is
seen on ion energy than on electron energqy (for N; - N2)
emphasis the importance of having well-defined electron

energies.

As an analysis of accuracy, the mean cross
section at an electron enerqu of 78eV is plotted with
cross sections of A. Smith and other workers in Figure
20.32 An examination of Figure 20 indicates that the
~difference between laboratories is on the order of 3 to
532 at high energies and about 1082 at low energies. The
variation within laboratories appears to be roughlu half
of the difference between laboratories. This wvariation
within laboratories is on the order of the wvariance
experienced in this experiment. This indicates the
universal difficultu of ébtaining cross section values of
sufficient precision and accuracuy to test theoretical
models and to test for trends in experimental data.

In conclusion, the previous work of A. Smith32
demonstrated the wvalidity of the present technique in
measuring resonant-charge—-exchange cross sections.

However, it  was felt that the previous work had

uncertanities with respect to electron energu and that the
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precision of the previous work could not be evaluated.
The current work has shown that electron energu is a major
influence on cross section for N2 charge transfer and that
a knowledge of the energu of the electron beam is
necessary for comparison to values of other laboratories
as well as for comparison to theoretical calculations. Afn
analysis of the precision of the current work has shoﬁn
the difficultu of obtaining sufficiently precise value of
cross section to permit evaluation of experimental trends.
It is felt that this difficulty is not unique to this work
but is a general problem in cross section measurement.
The resolution of this problem will pose a considerable
challange to future work, but will be necessary for the
advancement of both experimental and theoretical
evaluation of charge transfer.

With regards to future work, it is suggested that
the cell be placed directly at the exit of the mass
spec trome ter. Since commercial mass spectrometers have a
well collimated beam in order to obtain high
mass-resolution, it is likely that adequate collimation
éan be obtained by a slit in front of the charge-transfer
cell.’ This would eliminate the ion optics, with the
consequent advantages of more beam current at the cell,

better reliability, and better beam stabilituy.
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TABLE 7?7

Cross Section Data for

+ +
.N2 + N2 - N2 + N2

with Electrometer Detection

Corrected Corrected Cross Pressure
Ion Enerquy Electron Section *lhoorr
(eV) Energu (eV) (82)
225 : 76.9 27.3 1.22
225 56.9 27.9 1.22
2235 47.0 30.2 1.22
225 34.8 30.6 1.22
225 37.0 24.3 1.22
234 77.5 33.4 1.52
234 97.5 30.3 1.22
234 37.5 31.5 1.22
234 33.5 29.9 1.22
234 27.35 35.2 1.21
234 25.0 31.6 1.21
234 23.5 31.8 1.21
219 80.9 13.9 1.21
219 60.9 20.0 1.21

219 : 40.9 25.4 1.21
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Table 7 (cont.)

Cross Section Data for

+ +
Ny #+ Ny * Ny + N,

with Electrometer Detection

Corrected Corrected Cross Pressure
Ion Enerqu Electron Section *lhoorr
(ev) Energuy (ewv) (82)

219 35.9 _ 23.6 1.21

219 30.9 28.2 1.21

219 28.4 14.4 1.21

119 80.9 10.3 1.20

119 60.9 9.5 1.20

119 40.9 11.5 1.20

119 35.9 8.4 1.20

119 30.9 18.6 1.20

82 79.0 20.6 1.24

82 59.0 18.1 1.24

82 39.0 12.5 1.24

82 34.0 16.6 1.24

60 78.5 22.7 1.19

60 58.5 23.6 1.19
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Table 7 (cont.)

Cross Section Data for

+ +
Ny + Ny 2 Ny, + Ny

with Electrometer Detection

Corrected Corrected Cross Pressure
Ion Energu Electron Section *lhonrr
(ev) Energu (euv) (R?)

60 38.5 | 31.0 1.19

60 33.5 28.0 1.19

60 28.5 36.4 1.20

60 26.0 48.9 1.19

60 23.5 36.7 1.19

56 78.2 45.6 1.25

56 38.2 ' 29.4 1.25

56 33.2 39.0 1.25

56 28.1 37.8 1.25

S6 25.7 61.8 1.25

38 80.9 19.0 1.30

38 60.9 16.6 1.30

38 40.9 38.5 1.30

38 35.9 60.2 1.30
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Table 8

Cross Section Data for N; + N2 - N2 + N;

with Lock-in Amplifier Detection

Corrected Corrected Cross Pressure
Ion Energy Electron Section *104Torr
(eU)_ Energu (eV) (82)

420 74.0 23.1 1.19
420 54.0 28.2 1.19
420 34.0 27.8 1.19
420 29.0 30.5 1.19
420 24.0 34.1 1.19
420 . 21.5 32.6 1.19
420 19.0 33.8 1.19
520 75.0 23.4 1.19
520 55.0 26.8 1.19
520 35.0 28.1 1.19
520 30.0 24.5 1.19
520 25.0 30.8 1.19
520 22.5 29.3 1.19
520 20.0 23.2 1.19
520 75.0 27.0 1.19
520 55.0 27.5 1.19
520 40.0 34.4 1.19

520 35.0 30.9 1.19



Cross Section Data for N; + N2 -+ N2 + N

Correéted
Ion Energu
(ev)
520
520
457
4357
4357
437
437
457

4357

Corrected
Electron

Energy (ev)

30.0

27.

78.

S58.

38'

33.

28.

23.

23.

S

0O

0

0

0o

0]

0O
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Table 8 (cont.)

with Lock-in Amplifier Detection

32.5

29.0

24.3

18.4

21.6

25.6

19.5

21.5

22.3

Cross

Section

(R2)

N+

Pressure

%10 Torr
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TABLE 9

Comparison of Precision for Cross Section Data

L 3 +
Ny + Ny = Ny + R,

Me thod Average Ion|{Cross Section {Variance Degrees
Energy (R?) (R2)? of
(eV) Freedom
modulated 479 26.4 19.1 23
electrometer| 226 27.3 34.4 i8
electrometer| 59 32.9 203 20
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TABLE 10

Cross Section (R) versus Electron Energu (eV)

me thod Ion slope intercept.
Energy
(ev) (azleu) (Bz)
modulated h 479 -0.077 30.1 F(1,25) = 2.85
electrometer |226 -0.080 30.8 F(1,16) = 1.05
electrometer 59 -0.291 46 .4 F(1,19) = 3.69
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TABLE 11
Confidence Limits for Cross Sections
{(modulated detection, Ion Energu = 47%eV)

(four measurements)

corrected cross 95Z confidence
electron enerqu section limits
eV (R?) (A?)
76 24.5 2.8
56 25.2 7.3
41 28.0 8.3
36 28.3 6.1
30 29.2 . +10.5
27 25.2 $9.2
average = *7.4
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(A?)

O b——————————
25 50 75
Electron
E nergy (ev)

Figure16 Cross Section for N, Charge Transfer

(lonEnergy=479ev,errer bar for 70 %
confidence limits)
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Figure 17- Cross Sectionfor N,Charge
Exchange (modulated detection,

lonEnergy =479¢eV)
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Figure18- Cross Section for N,Charge

Exchange (electrometer detection,
lon Energy= 226¢eV)
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Cross Section
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Figure19 - Cross Section for N, Charge

E xchange (electrometer detection,
lon Energy =59 eV)
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