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<ABSTRACT> 

Experimental measurements ol N2 resonant charge 

transfer cross sections were performed. It was found that 
+ the energy of electrons used to produce the N2 ions is an 

important variable with respect to cross section. An. 

examination oE the experimental precision was performed 

and it was found that the precision of measurement was 

to determine the exact form of this insufficient 

relationship. The effect of ion energy (collisional 

energy> was too small to he 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 systems <o2 , 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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I. INTRODUCTION 

One of the aost iaportant goals of physical 

is the correlation of the quantum mechanical cheaistry 

states of species with chemical reactivity. 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 

simplified by the use of electrical and magnetic fields to 

focus, 

product 

mass select, 

ions. One 

and energy select both reactant and 

simple means for the production of 

ionized molecules is by electron bombarc:bNnt i. e.: 

(1) A<v•O, 1'> + e + * A <v•n, 1' > + 2•. 

Unfortunately, the energy variation in practical electron 

beams precludes selection of rotational or vibrational 

states <although in some systems s 1 ight contra I · of the 

vibrational state distribution can be obtained>. However, 

the electronic states of the ion beaa can be manipulated 

by control of the electron accelerating energy. This 

control al lows the production of ion beams with varying 

ratios of ground and excited states, which permits 

examination of the effects of excited electronic states on 

reactivity. 

1 
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One of the goals of this work was to exaaine the 

of the electron energy used in ion-beaa production on 

reactivity in charge transfer reactions. Many past 

experiaental works have been done with unspecified .. 
electron energies. If the electron energy is a major 

influence on reactivity, then proper control of the 

electron energy will be necessary both for exaaination 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 terminology 

employed in the study of charge transfer reactions. All 

reactions considered will inuolue the transfer of a single 

electron fro• a neutral molecule ta a positive ion: 

i . •• , 

(2) 

If the two species differ only by the presence or absence 

1 N+ + or an e ectron (a. 9. 2 and N2 , or Ar and Ar>, then the 
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reaction is said to be a sy.,,,etric charge transfer 

reaction. Bare, the reaction produces no net change in 

species (although the microscopic states inuolued may 

change>. If the net energy change is zero then the 

reaction is said to be resonant. This is satisfied in the 

sv-•tric case when there is no net difference in the 

quantwn states of reactant and product. Resonant charge 

transfer may also occur if other states of the combined 

products haue the same energy as the reactants. This may 

also occur in assymmetric charge transfer; tor example, 
+ . certain states of N2 are resonant with Ar as was seen in 

studies of the following system: 2 

(3) 

Because cross sections are greater <at the energies used 

in this experiment> in the resonant case, resonant cross 

sections are easier to measure experimentally. 

reason, only resonant systems were considered. 

For this 

Since 

symmetric reactions always haue 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 TBBORBTICAL RBVIBW 

II A. SYSTBl'I SID.llcrION 

To probe the effect of excited electronic states 

on reactivity, it was necessary that the reaction selected 

for study satisfy certain criteria. First, to simplify 

ion production and detection, the system should be gaseous 

at low pressures -3 (j, e. P < 10 Torr> 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. 9. a~o• exchange, dissociation, e~a.> under the 

conditions of study. Third, the ground and at least one 

excited state of the ion must have sufficient lifetimes to 

suruiue transport to the reaction eel 1 <greater. than 4µsec 

at about 500 eU). Since the state population of the ion 

beam will he varied by the energy of the ionizing electron 

beam, the ground and excited states should be separated by 

as much energy as possible. Fourth, in order to insure 

large cross sections, the vibrational and electronic 

states of the ion and neutral should have maximum overlap 

<See section on impact parameter cross section 

4 
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calculations>. Fifth, theoretical calculations should 

exist for comparison with experimental results. 

One of the first systems to he considered was the 

sy-etric nitric oxide <NO> reaction. The ion's ground 

state <X1I+> occurs3at 9.27eV while the first two excited 

states3 <according to photoelectron spectro~copy>, b3n and 

A1n, occur at 16.55 and 18.32 eV respectively. The ground 

state is stable while the A1n and b3n. states haue 

lifetiaes of 56ns and 16Oµs respectiuely. 4 Unfortunately, 

there are a large number of states which are not 

accessable by photon boabardaent and thus both their 

energy leuels and potentials are in dispute. 3 For this 

reason; NO was not further considered as a test system. 

A second systea considered was nitrogen <N2 >. 

Here, the ground state and two excited states are readily 
2 + 5 accessible. The ground state <X I > occurs at 15.63eV. g 

The first excited state A2 nu occurs5at 17.OeV and has a 

lifetiae6 between 12.28µs <u•l> and 9.14µs <u•5>. The 

second excited state <B2I+> occurs at5 18,94eV and has a u 
reported lifetime617hetween 66ns to eons, decaying to the 

2 + <XI> ground state. As this lifetime is shorter than the g 

ion transit time <= 4µsec>, the s2t+ state wi 11 not he u 



seen. 2 ' However, the A" state, having a lifetime greater u 

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

fraction of ground state in the ion beam w.i 11 

decline above the ionization potential of the Eirst 

excited state <A2nu)' due to production oE A2 nµ ions. As 

the electron energy is further increased, the fractions of 

both the ground 

should decline as 

However, since the 

and first excited states 

the second CB2 'E+) state is produced. u 
2 + B Ig state decays to the ground state, 

the net fraction of ground state should begin to increase 

for el•ctron energi•s above the ionization potential oE 

Thus, the net effect oE varying 

electron energy should be a dip in the percentage or the 

ground state at electron energies slightly above the 

energy ot the E irst excited state 2 <A rt >. u This enables 

the ratios oE excited states in the ion beam to be varied 

and th@ir effec.t on reactivity studied. An examination of 

vibrational overlap <Figure 1) shows that the ground ionic 

state <X2l:+) has good ovcu•l ap with the ground neutral g 

state while the excited CA2r, ) state has much poorer u 
vibrational overlap with the ground neutral state. 8 

Calculations oE charge transfer cross section by the 

impact parameter method indicate a much lower cross 

section £or the A2 n state than £or the ground x2 t+ state u g 
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due to this poorer uibrational overlap. 9 Experimental 

work of Flannery•~• aJ. 9 indicates a dip in cross section 

near 35eV electron energy for ion energy at 733 eV. This 

dip in cross section is about 87. below calculated impact 

parameter calculations and has been attributed to the 

A2 n state. 9 At higher ion energies, this discrepancy is u 
not seen. 9 Experi•ental measurements were made in an 

attempt to reproduce 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 system is CO which is 

isoelectronic with N2 . Here the same term symbols apply 

(without the+ and g·symmetry> but at different energies. 

The CO ground state <X2I> has an energy11of 14.01 eV and 

is stable. The first excited state <A2 n> has an 

energy11of 16.58eV and lifetiaes fro• 3.5µs <u•l> to 2.4µs 

<u•6> decaying to the x2I <ground> state. 10 The second 

excited state e2t has an energy9ot 19.70eV and a lifetime 

of 45nsec, decaying to the ground cx2 t> state. 12 At an 

electro~ energy of 46.5eV, the A2n state represents about 

551. of the ion beam with the remainder in the x2 t ground 
· 10 state. Since the 1 i fet ime of the A2 n state is on the 
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order of the transit time a£ the instrument, it should be 

possible to vary its concentration by varying the ion 

transit time • With the magnetic mass spectrometer used, 

this may be accomplished hy varying the ion energy while 

compensating with the magnetic field; i. e. 

where m/q is the mass to charge ratio, Bis 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 energy at the reaction cell can be controlled 

separately by the voltage applied to the cell, it should 

be possible ta perform cross-section measurements at a 

fixed ion energy but with different ion-transit times (and 

thus d~fferent A2 w concentrations>i thus directly probing 

the effect of the excited state. 

+ The last system which was considered was the o_ -
4. 

13 charge exchange . The ground state 

has an energy of 12,09 (eV>. The first excited state 

<a4 n > has an energy of 16.leV and a lifetime in excess of µ 
20µsec. 2 The second excited state <Anµ) has an energy of 



16.SeV and decays to the ground state. The third excited 

It only the ground < x2 n ) g state. 
4 a Tl states 

is expected that 

wi 11 be seen in the ion beam. 4114 

and 

The µ 

traction of a 4 n state in an ion beam produced by electrom µ 
bombardment was found to be 22Y. at 25eV, 30Y. at 50eV, and 

33Y. at lOOeV electron . 14 energ1es. Examination ot 

potential curves for both ion and neutral (Figure 2) 8 

indicates that the 4 an state of the µ 

vibrational overlap with the ground 

ion has better 

neutral state 

and should thus have a larger cross section than the 

ground 

calculations). 

state (See section on impact parameter 

Because both states receive contributions 

from decaying states above them, there should be no sharp 

variation in concentration except at the a 4 ,r ionization µ 

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 experimentally 

probe. 

After consideration oE these four systems! it was 

decided that the + 
N -2 should be investigated 

first, as it has well-studied electronic states that have 

provided £or the prediction 0£ cross section data. 9 In 
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addition, preliminary data indicated that a difference in 
q 

excited state reactivit~ exists.-
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II B. CROSS SECTION 

In studies kinetics molecular beam 

techniques, the cross section is typically used as a 

measure of the rate of reaction. For a beam impinging on 

a target, the change in beam current due to collision (Al) 

-Ip 
0 

AreaT t arge 
= -Io AreaB 

eam 

where I is the incident beam intensity and p is the 
0 

collision probability. With a thin gaseous target, 

(6) A Target NAB Ax a eam 

where N is the number density of the gas <molecules/unit 

volume>, Ax is the path length and a 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 Ci. e. no molecule is in front of 

another), Upon substuting equation 6 into equation 5, the 

following is obtained: 

(7) -AI 
J 

0 
= n Ax a , 

13 
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In the limit oE infintesimal path length this 

yields 

(8) 

or, 

(9) 

dl r= 

iJ In I 
ox 

Na dx 

= N a . 

-Integrating over the cell length x (and assuming Nanda 

are constant>, giues 

(10) a N ><, 

where I is the beam intensity at the end of the ce 11. 
X 

For charge transfer 

(11) 

where ICT is the current of molecules produced by charge 

transfer (See the seotion on rea.ot.ion cell>. Ideal gas 

behavior is assumed <i. e, N = =T' where Pis the reaction 
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cell pressure, k is the Boltzmann constant, and Tis the 

absolute temperature>. Then, 

(1:2) 

kT 
Px 

a P x 
kT 

This equation permits the experimental measurement of 

crcu;s section . 

It should be noted that the cross sect .ion is a 

function of collision velocity (u-t) i. e., 

(14) a = a(u-t) 

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, 

(15) A + S C + D 
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the rate constant tk<T>J is giuen hy 

(16) 

Upon substituting equation 8, the following is obtained: 

(17) 

or, 

(18) k(u-t) • a (u-t) u-t. 

But since k represents an auerage ouer a temperature 

distribution oE uelocities, the expectation ualue 0£ k 

must he taken; i. e., 

(19) k<T> CID = <k<u-t> > =J a<u-t> p<u-t,T> u-t du-t --
where p(u-t,T) is the distribution oE uelocities at 

temperature T <typically a Boltzmann distribution is 

used). 



cross 

II C. CLASSICAL CHARGE TBANSFD CALCULATIONS 

Th• basic model for the classical ion-molecule 

section is the Langeuin 15 model. The system is 

considered to be composed of point particles, where one 

particle is fixed and the other is moving relative to it. 

The mouing particle approaches with a velocity and is 

off axis by a distance (cal led the impact parameter) b 

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

between the particles. At b==O, all coll is ions result in 

capture (and it is assumed that reaction occurs). But for 

b)O, the incoming particle has rotational energy and thus 

experiences a centrifugal repulsive force. For a given 

initial '1elocity, t_he magnitude of the centrifugal force 

increases with b. Thus, Eor any initial velocity there is 

a maximum <or critical) value ot b ::: b that permits 
C 

orbiting capture. The capture cross section is given by 

the area of the circle with radius equal to i. e. 1 

(20) 

For an ion-neutral reaction (such as charge 

transfer) the attractiue potential is due to ion-induced 

17 
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dipole interaction; i, e., 

2 
(21) [ [ aqdr 

V(r) = rF(r)dr = r _2_n_a_r-5 = 
0 

2 aq 

SnE r 4 
0 

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

intermolecular radius and E is the permittivity of free 
0 

space. The rotational potential energy is: 

(22) 

where Lis the angular momentum andµ is the reduced mass. 

The total effective potential is the sum of the attractive 

potential and the repulsive centrifugal potential, i, e,; 

For the critical impact parameter b = b the incoming 
C 

species has just sufficient energy to orbit the target; 

i. e., the relative energy CE} r is equal to the potential 
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energy <no translational energy occurs> or; 

(24) 

Also, at the critical radius <r = r 0 (v-+>> where the 

orbiting collision occurs <for b = b the effectiue 
C 

potential has a maximum: 

(25) av<r> I ar = O = 
r=r 

C 
5 2n• r 0 C 

Equations 24 and 25 prouide two simultaneous equations in 

the uariables b 0 <v-+> and Solution gives, 15 

(26) 

and thus, 

(27) 
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In more convenient units, this is, 

(28) a<E> ,Q2) 
\ H I 

where a is 1.... cm3 •·<to25 d E · .. ..-_ an • 1s in ev. A table of 

as Table 1. 21 

Various attempts have been made to extend the 

Langevin theory to ion-polar molecule reactions. 

Typical I y, the rates of protron and other atom transfer 

reactions have been studied. One of the first attempts 

< referred to as the .. 1 ocked rotor.. approach) to include 

·h""' d. 1 I!/! .._ d b M .:ind H-- · 1 1 15119 ... , ... 1:po .. e e:i: .. ec .. w.:as one y liOran _ .... m1 ... 

Here, at low collision velocities it was assumed that the 

dipole was aligned with the molecular collision axis. 

Introducing the dipole moment into the potential function, 

the determination of cross section was performed similarly 

to the Langevin (induced dipole) cross section. At higher 

velocities, the Langevin cross section was used on the 

grounds that orientation of the dipole is no longer 

possible. At intermediate velocities, a weighted average 

of the two {i. 2. dipole and induced dipole) cross 
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1"l 
sect ions was used, ' This approach tends to overestimate 

the effect of the ion-dipole interaction; resulting in 

cross sections larger than the experimental values, This 

provides an upper theoretical bound. 15 

A second method (due to Dugan and Magee 15 , 20 > was 

to sol\ie the classical equations for a rotating dipole 

under the influence of an ionic molecule, 

positions and orientations were chosen at random, 

Initial 

As in 

the Langevin case, the oapture cross section was 

calculated. It was found that orbiting collisions did not 

occur unless the minimum radius was below some critical 

value (typically 1-2ff>. 20 This simpler criterion was then 

used to evaluate whether a given trajectory led to 
15 20 capture. ' It was al so found that the capture cross 

section varied with respect th th to the -0,6- to -0.1-power 

of the translational energyi i, e, 1 

-n = cE 

where Eis the translational energy, o is a constant and 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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. th t d · t · 15 species a can pro uce spurious cross sec ions. 

A third approach is due to ·su and Bowers. 15 

Here, the method is similar to the locked dipole approach 

of Moran and Bami 11, 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 Langevin 
C 

method) as the expectation value over a distribution that 

includes the effects of the rotational energy as well as 

the number of ways a given molecule can be oriented with a 

given angle B. This average angle Bis then used (as in 

the locked rotor approach> to calculate a capture cross 

section. 15 A variation of this method23 is to calculate 

the variation of cross section with angle, and then to 

calculate the expectation ualue of the cross section over 

the angular distribution. The first approach tends to 

work better in the limit of non-polar reactions, while the 

second approach works better in the limit of polar 

molecules. 15 

In examining the above capture methods with 

respect to charge transfer, four things should be noted. 

First, such cross sections only consider the orbiting 

capture under the influence of long-range 16 forces. 



23 

S•cond, it must he asswned that every capture results in 

charge exchange (or else that some fixed efficiency 

exists>. 16 Third, where reactions other than charge 

transfer exist, the total cross section must he divided 

among these reactions. 17 If ion or atom transfer 

reactions are exothermic, then these wi 11 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 

energy, as can he seen by examination of Table 2. An 

equation of th• following form is typically used to 

extrapolate data for charge transfer reactions, 

(30) 

where k1 and k2 are fitted constants and u-+ is the 

relative uelocity. 17 The difference in energy dependence 

between charge transfer and capture cross sections 

suggests that an orbiting collision is not necessary for 

charge transfer, otherwise the experimental ualues for 

charge transfer cross sections should decline much more 

r~pidly at high kinetic energies. Thus the capture cross 

sect ions are I ess suitable for charge transfer than the 

impact parameter methods (to he discussed later>. 
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TABLE 1 - r'IOLBCULAB POLAIUZABILITIBS (a:> 21 

Molecule «*1025 

!1 (cm-> 

H2 7.9 

N2 17.6 

02 16.0 

co2 19.5 

N2o 30.0 

CH4 26.0 

Cl 2 46.1 

CCI 4 105 
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TABLB 2 - CROSS SBC?ION DATA Jl'OB N; + N2 = N2 + N; 

Kinetic energy 'Experimental Langeuin 

< lab eV) cross section 18 section21 cross 

d:12, d:12, 
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 

50 21.7 3.2 
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II D. IffitACT PABAl'"IBTD CROSS SECTION CALCULATIONS 

The ·• impact parameter .. method is a semi-cl assica.1 

method ol charge transfer calculations in which the 

ue 1 oc i ty and impact parameter are we 11 defined < usual 1 y 
8 27 This limits the velocities to below 10 cm/sec, 

+ + which corresponds to about ?OkeV for N2 - 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 

tor approximately cm/sec < i. e. 

or where µ is the reduced mass, in 

21 Daltons. This is due to a Eailure to allow for curved 

trajectories under the influence of the intermolecular 

potential. The time-dependent Schrodinger equation is 

solved by a perturbation treatment using the interaction 

between the ion and neutral as the perturbation. The 

probabilities ol charge transfer, calculated at each 

impact parameter are integrated over all impact parameters 

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

(31) 

27 
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where b is the impact parameter and P(b) is the 

probability of reaction at a given impact parameter. Two 

approaches haue been used in formulating the system's 

description. The first <referred to as the "atomic" 

by Flannery9 > describes the system in terms of the 

case 

waue 

functions of the ion and neutral at infinite separation. 

The initial <or direct> state is giuen by the waue 
+ functions of A and B eualuated at infinite separation. 

The final <or exchange> state is giuen by the waue 

functions of A+ and B, also evaluated at infinite 

separation. The wau• function of the total system is 

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

time dependent Schr;dinger equation may be written as: 24 

(32) 

where ci and c 1 are the coefficients of the initial and 

final states, ., . 
1 

and f#E are the initial and final waue 

functions, B' is the perturbed Hamiltonian, and h is .. 
Planck's constant. The Schrodinger equation is solved <as 

aboue> and the phase shift is taken into the coefficients 
9, 24 . 

I • B • : 

(33) iw C = ce 
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where C is the new coefficient, c is the amplitude, and w 

is the phase. The probabi 1 i ty of charge transfer < and 

thus the cross sect ion by equation 31 > is g iuen by the 

complex product of the coefficients of the final state: 24 

(34) P<b> 

One problem occurs in the asymmetric case; 

microscopic reuersability may be violated. 

section for the reaction: 

The cross 

(35) + + A + B A + B 

should be the same as th• cross section for the reuerse 

reaction: 

(36) A+ + + B A + B , 

since the reactions differ only in the sign of the 

relatiue velocity uector. 25 However, in the first 
+ reaction wave functions made from A and B were used while 

. + in the second reaction waue functions made from A and S 

were used. Thus the transition probabilities need no~ be 
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equal. This can be avoided by including product 

Hamiltonium terms, which can he ignored in the symmetric 

case. Olten, however, these terms are difficult to 

evaluate and thus ignored in the hope that they are 

24 sufficiently small. 

The second case ( referred to by Flannery as the 

.. molecular .. case> 9 involves the .formation of wave 

. + Eunct1ons for the (A ... B) complex. These wave £unctions 

are usually chosen as one-electron wave functions about 

cores. The time-dependent Schroedinger 

equation is solved to obtain the cross sections. 

So 

neglected. 

vibrational 

I! t. 26 x-unc ions: 

(37) 

the vibrational terms haue been 

I£ they are assumed to be separable then a 

overlap term can be added to the wave 

The coefficients ot the wavefunctions are the product oE 

three terms; the £.irst, a ground state electronic term, 

the second a vibrational energy term, and the third, a 

phase shift associated with the time dependent equation 



(38) 

where C is the 

31 

iw C = c P(l,m)e 

C is the electronic 

coe£Eicient, PCl,m) is a vibrational overlap term, and the 

exponential 

solution. 

is associated with the time dependent 

The cross sections may then be thought of as 

being the product of two terms, a vibrational overlap 

<Franck-Condon> term and an electronic probability term. 

Thus 1 charge transfer occurs most efficiently when both 

the energies of product and reactant states are the same 

and when the internuc 1 ear radii of both A and B are 

unchanged in the reaction process. 

For the symmetric case using molecular waue 

the charge transE~r occurs not 

electronic transition (as in the asymmetric case) 

the phase shift produced in the 

probability 0£ transEer is given b~: 9 

collision. 

an 

but by 

The 

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

Th• magnitude of this phase shift is related to 

splitting of states into gerade and ungerade states by the 

intermolecular potential; i. e., 

(40) 

where and E are u the gerade and ungerade energies 

respectively, Z is the molecular collision axis, vis 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 

reaction, Bates and Reid26 calculated this 

splitting by direct solution of a 

one-electron waue function around two rigid cores. 

However, this becomes more difficult for species of higher 

atomic number. + + For the <N2 , N2 > and <CO, CO> systems, 

Flannery 9 et. al. fitted experimental scattering 

potentials Ci. e. Lennard - Jones> to a Morse function to 

obtain the energies needed in equation (39). They. 

obtained the necessary vibrational overlaps from the 
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literature for u = 0 <Eor the neutral reactant), and with 

a Morse potential £or higher vibrational states oE the 

neutral. Strictly speaking, these calculations should be 

done for reactions l e ad in g to a l 1 all owed product 

vibrational states. However, since at low velocities the 

cross section is much greater Eor resonant (or near 

resonant) reaction paths, only these paths need be 

included in calculations. This approach is called the 
9 .. low-uelocity .. approximation by Flannery . 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-stated 

. t. 9 approx1ma 10n. The results of the ·•1ow-velocity" 

+ calculations are presented in Table 3 for <N2 , N2 ) and in 

The agreement between the 

.. low-velocity,. and the full multistate calculations are 

obviously best £or moderate energies and low vibrational 

states. At 

contributions 

higher 

from 

collision 

non-resonant 

energies, 

reactions 

increasing 

must 

considered. Calculations including all states with change 

in uibrational states equal to O, 1, and 2 are presented 

for <N;, N2> in Table 3 and for <CO+, CO> in Table 4. For 

the <CO+, CO) reaction 9 the low-velocity calculations show 

excellent agreement at energies as high as 733eV and good 
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agreement as high as 1,1oev. The better agreement in the 

CO reaction is due to the preferential Franck-Condon 

factors <i, e. the radii of CO and CO+ are more similar 

than N; - N2 > , 9 

Similar calculations have been performed for the 

and NO+ - NO 4 systems, Because vibrational 

coupling is weaker for resonant channels and stronger for 

non resonant channels, the two state approximation is not 

as useful as + + 4 for the N2 - N2 and CO - CO systems. In 
+ 4 the o2 - o2 system, the a rtµ state (although it decays 

rapidly> weights the vibrational distribution of the 

ground state such that a large number of terms are needed 

for aonuergenae in the multi-state aaloulation. 4 For this 

reason, Moran, et, ai. 30 limited their calculations below 

the a 4 n ion i z at ion potent i a 1 < 16 . 1 e V > , u In the NO case 1 

the lack 0£ information on ion states that are acoessable 

by electron bombardment <and perhaps by charge transfer> 

but not by photoionization, makes attempts at experimental 

verification difficult, 4 

Because of the importance of the vibrational 

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 vibrational state 

(assuming that the same electronic states exist in both 

t t. > 28 se s Ch: reac 1 ons . This is a consequence of the 

assumed separability of electronic and vibrational states. 

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

' J ... ' (41) a(u 1 ,ui uk,u 1 jE> = S a(u ,u v ,v o· o o· o jE> 

where the ' and· represent neutral and ion, respectively, 

and Eis the relative translational energy. _This scaling 

term is simply the ratio of the vibrational overlaps of 

the desired channel and the reference (u'=O, u"=O> channel 

multiplied by the ratios oE phase shifts in the desired 

and reference react ion channe 1 s. This approach has been 

used to fit a scaling matrix to the product cross 

sections: 28,29 

(42) 

where M is a sealing matrix in terms of the sealing 

2 parameters Ct) and f 1 . These fitted parameters were then 

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

The validity 0£ this 4 28 approach has been demonstrated ' 
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by deconvoluting the theoretical product cross sections ol 

Moran, 11-t. al. 9 to obtain the theoretical state-to-state 

cross sections (also of Moran, 9 et'. al. > • 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 Eactors need be 

k 28 ' 29 U O t t 1 t . t 1 d t d nown. ni.or una e y I mos exper 1men a a a oes 

not readily provide product state distributions suitable 

tor use in this method. However, when and i£ 

experimentalists are able to provide such data, this 

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

section data. 
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TABLE 3 

Impact Parameter Cross Sections9 for 

1 + ' u'> + N2 <X I I u =0> 
0 g 0 

+ 2 + 
+ N2 <x I 9 , Su'> 

u' i 
0 I -- , 

Method Ion Enerq1.1 

156eV 400eV I 733eV I 2210eV 

0 low-uelocit1.1 36.24 41.30 32.88 14.87 

multistate 36.73 38.70 31.38 15.81 

1 low-velocity 38.30 39.10 29.70 12.94 

multistate 35.79 36.73 27.72 14.90 

2 low-uelocit1.1 39.93 35.80 25.83 10.80 

multistate 33.54 35.03 26,68 . 13. 92 

3 low-uelocit1.1 39.99 31.49 21.72 8.76 

multistate 30.07 31.67 23.91 12.82 

4 low-uelocit1.1 37.86 26.45 17.52 6.84 

multistate 25.28 27.37 21.17 11.80 

5 low-uelocit1.1 33.37 21.01 13.44 5. 10 

multistate 20.72 24.23 19.15 10.90 

1 ow-ue 1. oc i t1.1 26,99 15.60 9.70 3.59 

multistate 17.76 I 22,29 17.94 10.16 
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Impact Parameter Cross Sections9 £or 

co•cx2 E+, u'> + COCX1E•,u-=O> . 0 . 0 

CO<X1 E+, Su">+ co•cx2 E+, Su,> 

Method Ion Energy 

I 
I 156eV l 400eV I 733eV 

low-uelocitt.1 j 33.38 40.55 I 38.36 

multistate I 32.96 38,81 I 36.78 

low-ueloc.itu 33.34 40.80 37,39 

multistate 33.49 39.40 36 .19 

low-velocitu 33.50 40.87 I 36.42 

multistate 33.43 I 41.37 I 36.44 

low-velocitu 33.79 40.79 35.47 

multistate 33.52 41.68 35.90 

low-velocitu 34. 15 
I 
I 

I 
40.62 I 34.58 

I i i 
multistate 33.85 41.60 ! 35.28 

low-velocitu i 34.50 40.42 33.78 

multi state i 34 .17 I 41.40 34.69 

low-velocitu I 34.89 40.15 I 33.04 
! I ! 

I mult1state I 34.48 41.15 34.18 

1910eV 

22.69 

22.86 

21.52 

22.20 

I 20.47 
j 

22.05 

19.54 

21.65 
I 
I 18.72 

21.31 

I 18.00 

21.01 

17.40 
l 20.76 



Wh•n ~h• only rool you have is a hantmer, 

every proble• begins ro look like a nail. 

Abram Maslow31 
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III. INSTRUl"IRNTAL 

III A. Introduction 

The basic design and construction of' the 

apparatus was due to A. Smith. 32 His original apparatus 

was built and used32 a~ the NASA Langley Research Center. 

In 1980 this apparatus was dismantled and the ion source 

<without power supply>, ion optics! charge trans£er cell, 

and uacuum chamber were sent here to Virginia Tech. It 

was necessary to supply the following: vacuum systems for 

the ion source and cell chamber, inlet systems £or the ion 

source and charge transfer eel 1, power supplies for the 

ion source and ion optics, and detection facil it.ies for 

reactant and product ions. Additionally, attempts were 

made to improve the signal-to-noise ratio by use ol a 

modulated beam detection system, The experimental 

apparatus (Figure 4) may be described in the Eollowing 

manner. Ions are produced by electron bombardment, The 

desired ion is then selected on the basis ol its mass to 

charge ratio passage through a magnetic £ield. 

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 Erom 

scattered and incident (East) 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 brieEly described below in separate sections. 



Ion Source Ion Optics Charge Transfer 
,_. ____ _A_____ ell 

lrL1-'0 
1 Screen 1 L - ___ J 

Figure 4 - Charge Transfer Apparatus (not toscatel 



III B. 1} Ion Production and Selection 

Ions were produced by electron 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 vacuum 

system was adapted from a Bendix time-ct-flight mass 

spectrometer and consists of a mercury diffusion pump with 

refrigerated <Freon TM> trap and liquid nitrogen trap. A 

bellows valve was installed between the trap and ion 

source to reduce contamination caused by the boil oEE ot 

nitrogen trap contents alter shutdown. A basic electrical 

outline of the ion source is given as Figure 5. 

Originally, a separate electron shield supply was used in 

an attempt to hold the shield at a potential relative to 

the E i ! amen t . It was found that maximum electron-beam. 

current was obtained at zero shield voltage (relative to 

the E i l amen t ) . Additionally, 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. Typical operating 

potentials are given in Table 5. A rhenium filament was 

43 
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used with a d. c. heating current 0£ 3.5 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 supply, The filament was maintained at a 

positive potential with respect to the ionization ·chamber 

by use 0£ a d.c. power supply (Fluke model 407D>. This 

potential is the nominal electron energy. The actual 

electron energy is affected by the potential gradient 

across the ionization chamber (necessary to draw ions out 

0£ the ionization chamber) 1 by surface charging, and by 

the potential drop across the surface of the filament. It 

is necessary to determine experimentally the actual energy 

ot the electron beam in the region oE ionization. This is 
+ . done by determining the appearance potential of N2 c,. e. 

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 

(.15.?SeV) is added as an offset to the nominal 

electron energy. i. e.: 

(43) eET = eE . I+ (APT - APE . t 1 >. rue nom1na rue xper1men a 
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The assumption that a simple ofEset provided correction 

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

for N+ 
2 

+ yielded correct appearance potentials for Ar and 

A 2+ r . The is expected to vary whenever 

ion-repeller potentials were changed and thus a new offset 

must he determined. Typically, the offset was determined 

with each day's run. As such corrections were not 

systematically applied to previous work with this 

instrument, 32 this causes doubt as to the validity 0£ 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-energy power supply <Kepco model 

ABC-1000). As in the case of the electron energy, the 

actual ion energy is determined not only by the selected 

potential of the ion energy power supply but also by 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 energy experimental I y. This 

was done by plotting the ion current versus the potential 

applied to the charge-transEer cell (and screen>. The ion 

energy was defined as the potential at which the ion beam 
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intensity has been reduced by one half, relative to that 

at zero potential (See Figure 7). Si nee the ce 1 l ( and 

screen> are maintained at a potential relative to ground 

< See the section on the react ion ce 11.) i the ion energy 

during the charge-transfer experiment is given by 

(44) Ion Energy= 

where v,112 is the retarding potential 

intensity and 'P~--~ is the potential applied to the cell. 
'I., l 'I.,,;, 

The valve of ~. , 2 must be redetermined whenever the 
J. ,/ 

repeller voltages or ion-energy potential have been 

changed. Typical ly 1 this was done at the end of each 

day's run, 

The ion-accelerating energy and the magnetic 

field intensity were varied jointly to achieve the maximum 
+ N... ion current, 
4-

The magnetic field intensity was varied 

by changing the distance between two magnetic shunts. 

Best resuI ts were obtained w.i th a shunt gap ( distance 

between shunts) 1.570cm (0.618in} and an 

ion-acceleration voltage of about 630V (actual values 

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

about -6 5.7*10 Torr (as measured at the ionization 
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+ 5.3*10-9 A gauge>! a N_ current of was obtained at the 
"'-

output of the mass spectrometer. This is simi ! ar to 

levels obtained by A. Smith. 32 

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

output current shows that a fall off in ion beam 
-6 current occurs at pressures above 1.0*10 Torr. This is 

likely due to ion-molecule reactions occuring inside the 

ion source. To avoid this and to maximize the ion 

current, -6 operating pressure was kept below 8*10 Torr. In 

order to provide for a controlled introduction of gas into 

the cell, an inlet system <Figure 9) was constructed. Gas 

was admitted to the manifold at about 200Torr and then 

expanded into the expansion tank. 

was on the order of SOOmTorr. 

The resulting pressure 

The needle value was 

adjusted to produce a pressure in the ion source ranging 

from 4 to 6*10-6Torr, The us~ of a preliminary expansion 

and a needle value, in addition to the porous frit, 

allowed the ion-source pressure to be adjusted <and 

readjusted, if necessary, over long runs> to within 101.. 

This type of precision is almost impossible to achieve 

with a needle value and a .. high pressure .. Ci. e. Torr> 

manifold. A porous Erit without the needle valve provides 

a fixed gas flow which can not be adjusted to allow for 
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depletion oE the manifold. <In principle! a less-porous 

trit 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 replacement would 

have been more difficult than construction of the system 

actually employed,) 

Since the gases employed are of relatively low 

molecular mass, it was not considered necessary to perform 

extensive tests oE resolution. An indication of the 

actual resolution is the voltage width of the ion beam. 

For a magnetic instrument, 

(45) m k 
= q V 

where k. is an instrument constant (for a fixed magnetic 

field), Vis the ion energy and m/q is the mass to charge 

ratio. De~ining the resolution <R> as 
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and substituting equasion 45, the tallowing is obtained 

R = 

where the subscripts Land H refer to the lower and higher 

half heights, while them refers to the midpoint of the 

For nitrogen <N;), with an ion voltage of 692V and 

a half width of about 5V, this gives a resolution of about 

138, which is more than adequate for these studies. 
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TABLE 5 

+ Typical Ion Source Parameters for N2 

(see Figure 5 for definition of voltages> 

element 

electron energy 

inner repeller 

outer repeller 

inner focus 

outer focus 

anode 

ion energy 

Heater current= 2,5A, 

voltage <V> 

70.0 

69,3 

31,4 

44,6 

47.3 

19,5 

629 



-- --

Shield 

Filament 

Block 

Figure 5- Ion Source 

Reriellers 

Foci 

Anode 

u, ..... 



52 

1.15 
Ion 

100 Current .,,.., 
( relative} // Q.90 

0.00 // 
0.70 

0.60 t 
0.50 

040 

0.30 

020 

0.10 1 Electron Energy {eV) 
0.00 I I I ! I I I I I I I I I I I I 

0 30 60 
A Pe<perimental 

Figure 6 - Appearance Potential 
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Figure 7- Ion Energy Determination 
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Figure 8- Source Pressure vs. 
Ion Current 



Capacitance 

Expansion 
Tank 

T her moco uple 

Vacuum 
Pump 

Figure 9 - Ion Source Inlet System 

Valve 

r----
•M 
I /5 

I f rit 
I 
I l ___ _ 

U1 
(J1 



III C. 2) Ion Transport 

The ion beam produced in the ion source must be 

transported to the reaction cell. 

designed to accomplish this £unction. 

The ion optics were 

The current set of 

ion optics <Figure 10) were designed and constructed by A. 

Smith32 . They may be conveniently diuided into two parts, 

those that reside in the chamber C .. T .. ) . attached to the 

mass spectrometeri and those that reside in the chamber 

that holds the reaction cell. The first element <inside 

the .. T .. ) is cal led the Ring Drawout <RD} and acts as a 

mirror to redirect·the ion beam toward the reaction cell, 

The next element CL1) is used to collimate the redirected 

ion beam. The remaining elements are used to provide 

focus and co 11 imat .ion. Typical operating voltages are 
+ given in Table 6. Ion currents (for N2 > were on the order 

.. T.. and -10 1,9*10 A at the 

exit of the ion optics. When focused to provide maximum 

current through the reaction cell (i, e. at the rear beam 

Eiag> a current oE -10 1. 3fH0 A was seen on the ce 11 and 

screen and a current of 1,9*10-11 A was seen at the exit of 

the ce 11 . Thus the total transmission of the ion optics 

was on the order of 20¾ through the first stage (inside 

the "T .. ) and 20Y. through the second stage for a total 

56 
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transmission of about 4Y.. This compares quite unfavorably 

current at the cell of 1,7*10-9 A with the total beam 

Sm.ith32 • reported by A. The exact reasons for this 

discrepency are sti 11 unknown. In addition to problems 

with low-beam-current levels, severe problems with beam 

stability also existed. For unknown reasons! the beam 

1 eve 1 s would drop below those necessary to perform the 

ex per imen t. Attempts at cleaning, alignment, and 

readjustment of voltage levels were only 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 system. 
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TABLE 6 

Typical Values £or Ion Optics 

(all voltages relative to ground> 

Element Voltage 

RD +123 

L1 -411 

T1 +225 

T2 -243 

L2 0 

T3 +190 

FD! +14 

FD3 +39 

FD2 +83 

FD4 +83 
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Figure 10- Ion Optics 32{not to scale) 
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III D. 3) Reaction Cell 

The react ion ce 11 ( Figure 11) is the chamber in 

which the target gas was placed and reaction products were 

measured. The pressure was maintained in the -4 10 Torr 

range by the eel l inlet system <Figure 12). 

was evacuated with a mechanical vacuum pump. 

The system 

Gas was then 

admitted into the small tank and expanded into the large 

tank with resulting pressures below 20Torr. The manifold 

pressure was measured accurately with a calibrated Bourdon 

gauge <Wallace and Tiernan model FA160 0-20Torr, readable 

to 0.01Torr). The gas £lows into the cell through a £rit 

The entrance and exit oE 

the cell are copper plates with a knife-edged circular 

orifice of 0.110cm and 0.159cm, respectively. Since the 

pressure in the cell is in the molecular region, the 

conductance <C> can be calculated: 

(48) 2fT1 1 / 2 
C = 11428 r 1-j 

l m 

where the conductance is 3 in cm /sec, r is the radius in 

cm, T is the temperature in Kelvins, and m is the 

molecular weight in 34 g/mole. 

60 

At equil ibriu:m the Elo1111s 
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into and out of the cell are equal: 

(49) 

(50) 

p C 
ce 11 ce 11 

C cell 

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

pressure in the inlet system. 

The beam £lag (BF1> has a smaller (0.079cm 

radius) circular hole than the entrance and prevents 

measurement of current that does not enter the reaction 

cell. The exit E!ag <BF2) measures the current which 

passes through the cell without reaction or scattering. 

Typically, about 25 to JOY. of the beam was transmitted 

through the cel 1 <with gas present>. 

very good focus through the cell. 

This indicates a 

The product ions are produced with largely 

thermal kinetic energies ( i. e, 1 ittle momentum transfer 

exists). Because of this, it is possible to separate 
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scattered incident ions from product ions by energy 

analysis. A potential difference C6¥>) is applied between 

the screen <CTCS> ! which is made 0£ mesh, and the sol id 

reaction cell. At zero potential, some of the scattered 

reactant and product ions will hit the screen (because 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 East (scattered} ions will 

not be deflected enough to avoid being collected on the 

ce 11 wall . 

(Figure 13) wi 11 show a minimum current at AY" = 0 and will 

show an increase to a maximum r IC ... '""S 1 at a value of I a, f l 1TOT /J/P ooj 
,6,Y,, z 20V. The charge transfer current is given by 

{51) I 
CT= 

1CTCS 
I 

I 
IAf/J m 

Upon inserting this in the equation for cross section 

(equation 13) the following is obtained: 32 

(52) -kT 
Pcell x 

f 
lnll -

l 
1cTcs! 

1TOT,~f' m 

+ 1cTCSI 
1TOT IA¥>= 

l 
I 

01 
J • 
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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 

ol measuring currents at up to :1500V above ground. Since 

only one such electrometer was available, a switching 

arrangement was employed <Figure 14). The switch is a 

ceramic-rotary-wafer switch. To reduce leakage, only 

every other set of poles was used. This r@sul ts in a 

non-connected posit ion between the CTC measure and CTCS 

measure positions. The switch was originally mounted in a 

polystyrene box with coa>eial 

supplies and connections 

£eed-throughs used for the 

to the CTC and CTCS, 

Unfortunately, the leakage due to the conductivity of the 

box made this unusable. The switch was then mounted on a 

0.25in. piece of Plexiglas <TM> with the extermal 

connections made directly to the switch. This arrangement 

proved generally 

conditions still 

sucessful although extr~mely humid 

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 vacuum system), 
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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 drying with 

forced hot air were not sucessEul>. It is likely that the 

treatment with 2-propono l a 1 so removed surf ace o i 1 s and 

dirt from the surfaces. 

Although coaxial feedthroughs were used for the 

CTC and CTCS leads, great diEf icul ties were experienced 

with leakage currents. Some idea of the problem inuolued 

can be obtained by applying Ohm's law: 

(53) R Ii: • 
= I 

With a minimum current <I> on the order of 1*10-13A and a 

cell retarding potential <E> of lOOU, the minimwa 

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 

i ikely due to smai 1 breakdowns in the insulation which 

uanish after the charge (current> has dissipated. 

Additional seuere problems with capacitiue (and possibly 
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piezoelectric and/or triboelectricJ pickup produced noise 

with instrument vibration and operator movement. Because 

of these problems and the low level of ion beam current, 

it was decided 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. Also, it was felt that 

modulation a.ppl ied to the ion source might affect state 

distribution and energy levels:. A Krohn-Hite model 5800A 

signal generator was used with a Bogen model 0100A 

amplifier. They 1.11ere isolated from the d.c. voltage of 

the RD element with a Stancor model P-6461 filament 

transformer (117V. , 10V t) that was reversed to provide ln. OU 

approximately a .10:1 step-up ratio (Figure 15>. Best 

results were obtained with a sine wave with frequency of 

about 200cps (Hert:>, Frequency and a. c. uo l tage were 

measured with a Hewlett-Packard model 140A oscilloscope. 

Detection of signals was performed with an 

Applied Research model 128A lack-in amplifier. This 

device acts as a phase <and frequency) sensitive a.c. rms 

uoltmeter that measures only the component of the imput at 

the :same phase and frequency as the ref ere nee s igna 1 • 
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This greatly reduces noise and eliminates problems with 

d,c. leak.age current. Since the signals to be measured 

were currents, while· the look-In amplifier is a voltmeter, 

a 4r10hm resistor was placed across the electrometer 

terminals, The signal to the lock-in amplifier was taken 

across that resistor. The amplifier has an adjustable 

phase network whioh was used to compensate for a phase 

shift between the modulation 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 usua.ble le1.,e!s 1 it did not oompletely eliminate 

noise due to ground loops. In particular, severe noise 

was seen each . weekday from about 4: 45 to 5: 30 pm. The 

exact source is not known but is likely due to equipment 

shutdown on campus at end of normal office hours, 

Additional support for this hypothesis comes from the 

observation that noise levels were generally lowest during 

night-time hours, It should be noted that the problem 

with ground loops was probably no worse 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 

0£ ground loops much easier. Additional noise was picked 

up Erom the fluorescent lamps on the ceiling above the 

apparatus. Th.is necessitated the installation of 

incandescent lamps to be used in place oE the fluorescent 

lamps. In spite 0£ these difficulties, the use of 

modulated detection greatly improved the signal-to-noise 

ratio and made measurement possible at much lower signal 

strengths. Additionall~h the use of modulation detection 

greatly reduced problems with humidity and other sources 

of d.c. leakage currents. 
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CTCS -- -CTC -

Figure 14- Electrometer Switch 
(CTCS measurement shown) 
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IV. BXPD.IMENTAL RESULTS AND CONCLUSIONS 

Experimental cross sections obtained with 

electrometer 

Experimental 

detection are presented in Table 7. 

cross sections with modulated detection 

(lock-in amplifier) are presented in Table 8, 

reaction-cell pressures in both sets are similar. 

The 

These 

pressures are toward the upper range in which cross 

section linearity exists32 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 oE 

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 efEect of electron energy on the 

charge transfer cross section? 

3) What is the effect of ion energy (collision 

velocit~) on charge transfer cross section? 

The first of these questions is best addressed by 
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noting that the use of modulated detection eliminated most 

problems associated with leakage currents. As noise had 

reached levels that prevented cross section measuremt, the 

use ol modulated detection became essential. An 

additional aspect is the effect of modulated detection on 

precision. This was investigated by combining data at 

similar ion energies and then examining the variance of 

each set <Table 9). The F ratio test may be expressed as 

(54) FCn,cD _ 

where F(n,d) is the value of the F ratio far n degrees of 

f'reedom in the numerator, d degrees of freedom in the 

denominator, and Vn and Vd are the variances of the 

numerator and denominator respectively, Comparing each 

electrometer data set to the modulated data, an F(23,18) 

of 1,80 is obtained for the higher energy set and F(23,20> 

of 10,6 is obtained for the lower energy set, The 

probabilities that the reduction in variance is not due to 

chance are 89.?½ and greater than 99,99½, respectively, 35 

Viewed in this manner, modulated detection is definitely 

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) 

giues a value of FC20,18) = 5.90, which is significant at 

greater than 99.96Y.. 35 Thus the reduction in variance 

between the data sets might also be due to increasing ion 

energy; the variance may he I ess at higher ion energies. 

To separate these two £actors, it would be necessary to 

run modulated detection data sets at various ion energies 

Cperferably the same as those by electrometer detection) 

and to analyze the variance, Because of instrumental 

dilticult.ies, this was not completed but should be 

seriously considered in Euture work. It is I ikely that 

the variance is related to the noise present when the 

various data sets were run. Indeed the increase or noise 

that occured when the lowest energy set was run prompted 

the use oE 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 oE the cross section data was indeed improved by 

the use oE 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 95Y. 

"Student's t" (actually Gasset's t) confidence limits .is 
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±7. 422 for 4 runs ( 3 degrees of freedom). In order to 

experimentally confirm an SY. dip in cross section at low 

electron energies, the confidence limit must be reduced to 

about 222 . The reduction in the variance (a2 > varies with 

the reciprocal of the number of measurements (n): 

(55) 

where 2 
a measured is 

2 a 

the 

2 a measured 
n 

measured variance, Since the 

confidence limit uarles with the square root of the 

variance, the reduction in the confidence limit varies 
. -1/2 \.Hth n . This means that some 10 to 20 times the 

number of measurements for each 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 5 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 sections. 

The second question <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, and 19; and Table 

10) to the cross-sect ion-versus-e 1 ectron-energy data < at 

fixed ion energies>, The slopes and intercepts of these 

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

may be examined by considering the reduction in variance 

between the zeroth and first order (linear least-squares) 

1ft. -t 36 
J." l _5, The F ratio for this reduction in variance (see 

Table 10) is 2,85 for the beam with 479eV ion energy, 1,05 

for the beam with 226eV ion energy; and 3,69 for the beam 

with 59eU ion energy, These are statistically different 

from chance at 90.0½ 1 67.8%, and 93,3½ respectively. Thus 

the relationship between electron energy and cross section 

at an ion energy of 226eV can not be demonstrated, 

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 seat ion on the . e 1 ectron energy 

leads to two important conclusi.ons. First; the energy 

,,aria.tion in the electron beam affects the precision of 

the cross section (although this effect is extreamly minor 

in the preset experiment}, Seaond, and more importantly, 

the e ! eo tron energy used to produce the ions must be 

accurately known if various experimental values of cross 

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 Justified. 

With this reservation in mind, it is still interesting to 

examine the observed trend of decreasing slope and 

increasing intercept with decreasing ion energy. At 

higher electron energies it is expected that the ions 

would be produced in higher vibration al states. Due to 

the vibrational overlap Eactors between ion and neutral 

the lowest vibrational states should 

possess the greatest cross sections. At lower ion 

velocities the interaction time increases and the 

difference between the reactivity of the vibrational 

states should become more marked. Further research is 

needed to confirm this observation. 

The third question (What is the effect of ion 

energy on cross-section?> is addressed with the same 

approach as the second question addressed. Unfortunately 1 

the large scatter in the data (relative to the effect 0£ 

ion energt,1) made attempts to plot a trend line totally 

unjustified. The very small slope of such a line 
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energy on cross section. The fact that less dependence is 

seen on ion energy than on 

emphasis the importance ol having well-defined electron 

energies. 

As an analysis of accuracy, the mean cross 

section at an electron energy of 78eV is plotted with 

cross sect ions 0£ 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 

s22 at high energies and about 1022 at low energies. The 

variation within laboratories appears to be roughly half 

oE the difference between laboratories. This variation 

within laboratories is on the order oE the variance 

experienced in this experiment. This indicates the 

universal diEEiculty 0£ obtaining cross section values of 

sufficient precision and accuracy to test theoretical 

models and to test for trends in experimental data. 

In conclusion, the previous work of A. Smith32 

demonstrated the validity 0£ the present technique in 

measuring resonant-charge-exchange cross sections. 

However, it was £elt that the previous work had 

unaertanities with respect to electron energy and that the 
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precision ot the previous work could not be evaluated. 

The current work has shown that electron energy is a major 

influence on cross section tor N2 charge transfer and that 

a knowledge oE the energy oE the electron beam is 

necessary £or comparison to values of other laboratories 

as well as for comparison to theoretical calculations. An 

analysis of the precision of the current work has shown 

the difficulty of obtaining sufficiently precise value ot 

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 sect ion measurement. 

The resolution ot this problem will pose a considerable 

chal 1 ange to Euture work, but wi 11 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 

spectrometer. Since commercial mass spectrometers have a 

well collimated beam in order to obtain high 

mass-resolution, it is likely that adequate collimation 

can be obtained by a slit in front oE the charge-transfer 

cell. This would eliminate the ion optics, with the 

consequent advantages of more beam current at the eel l, 

better reliability, and better beam stability. 



Corrected 

Ion Energy 

(eV) 

225 

225 

225 

225 

225 

234 

234 

234 

234 

234 

234 

234 

219 

219 

219 

82 

TABLK 7 

Cross Section Data for 

with Electrometer Detection 

Corrected 

Electron 

Energy (eV) 

76.9 

56.9 

47.0 

34.8 

37.0 

77.5 

57.5 

37.5 

33.5 

27.5 

25.0 

23.5 

80.9 

60.9 

40.9 

Cross 

Section 

27. 3· 

27.9 

30.2 

30.6 

24.3 

33.4 

30.3 

31.5 

29.9 

35.2 

31.6 

31.8 

13.9 

20.0 

25.4 

Pressure 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

l.22 

1.22 

1.22 

1.21 

1.21 

1.21 

1.21 

1.21 

L 21 



Corrected 

Ion Energy 

(ev} 

219 

219 

219 

119 

119 

119 

119 

119 

82 

82 

82 

82 

60 

60 

83 

Table 7 <cont.) 

Cross Section Data £or 

with Electrometer Detection 

Corrected 

Electron 

Energy (ev) 

35.9 

30.9 

28.4 

80.9 

60.9 

40.9 

35.9 

30.9 

79.0 

59.0 

39.0 

34.0 

78.5 

58.5 

Cross 

Section 

23.6 

28.2 

14.4 

10.3 

9.5 

11.5 

8.4 

18.6 

20.6 

18.1 

12.S 

16.6 

22.7 

23.6 

Pressure 

1.21 

1.21 

1.21 

1.20 

1.20 

1.20 

1.20 

1.20 

1.24 

1.24 

1.24 

1.24 

1.19 

1.19 



Corrected 

Ion Energy 

(eu) 

60 

60 

60 

60 

60 

56 

56 

56 

56 

56 

38 

38 

38 

38 

84 

Table 7 <cont.) 

Cross Section Data £or 

N+ + 
2 + N2 N2 + N2 

with Electrometer Detection 

Corrected 

Electron 

Energy (ev) 

38.5 

33.5 

28.5 

26.0 

23.5 

78.2 

38 . .2 

33.2 

28.1 

25.7 

80.9 

60.9 

40.9 

35.9 

Cross 

Section 

31.0 

28.0 

36.4 

48.9 

36.7 

45,G 

29.4 

39.0 

37.8 

61. 8 

19.0 

16.6 

38.S 

60.2 

Pressure 

4 *10 Torr 

1.19 

1.19 

1.20 

1.19 

1.19 

1. 25 

1.25 

1.25 

1.25 

1.25 

1.30 

1.30 

1.30 

1.30 
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Table 8 

C N+ + ross Section Data £or 2 + N2 N2 + N2 

with Lock-in Amplifier Detection 

Corrected Corrected Cross Pressure 

Ion Energy Electron Section 4 *10 Torr 

(eV) Energy (eV) dl2> 
420 ?4.0 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 15.0 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 
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Table 8 (cont.> 

Cross + + Section Data Eor N ... + N ... N_ + N .... 
"' "' "' ,I. 

with Loc:k-in Amplifier Detection 

Corrected Corrected Cross Pressure 

Ion Energy Electron Section 
4 . 

*10 Torr 

(eu> Energy (ev) dl2 > 

520 30.0 32.5 .t. 19 

520 27.5 29.0 1.19 

45? 78.0 24.3 1.17 

457 58,0 H:L 4 1.17 

457 38.0 21.6 1.17 

45? 33.0 25.6 1.17 

457 28.0 19.5 1.17 

457 23.0 21. 5 1.17 

457 23.0 22.3 1.17 
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TABLE 9 

Comparison ol Precision lor Cross Section Data 

Method 

modulated 

electrometer 

electrometer 

N+ N + 2 + 2 N2 + N2 

Average Ion Cross Section 

Energy d\2, 

(eV> 

479 26.4 

226 27.3 

59 32.9 

I Variance Degrees 

I <22,2 ol 

!Freedom 

19.1 23 

34.4 18 

203 20 
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TABLE 10 

Cross Section <2> versus Electron Energy <eV) 

method Ion islope I intercept 
I I 
I I Energy I 

I I n2 I d\2> I (ev) <A /ev} I 
I 

l-0.017 
I 2.85 modulated f479 l 30.1 F(l,25> = 

I 
1226 j-o.oso I electrometer I 30,8 F(1 1 16) = 1.05 
I l 
I 

l-0.291 
I electrometer t S9 l 46.4 FC1 1 19) = 3.69 

I t I 
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TABLE 11 

Confidence Limits for Cross Sections 

<modulated detection, Ion Energy= 479eV) 

(four measurements) 

corrected 

electron energy 

eV 

76 

56 

4.1 

36 

30 

27 

cross 

section 

24,5 

25.2 

28.0 

28.3 

29.2 

25.2 

95:t. confidence 

limits 

±2.8 

±7.3 

±8,3 

±6.1 

:!:10.5 

l ±9.2 
I 
! 
Javeraqe = ±7.4 l -
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Figure 16 Cross Section for N 2 Charge Transfer 
( Ion Energy= 479ev ,error bar for 10 °/o 
confidence limits) 
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