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CHARGE EXCHANGE REACTIONS

Wade L. Fite
General Atomic Division of General Dynamics Corporation
John Jay Hopkins Laboratory for Pure and Applied Science

San Diego, California

ABSTRACT

This paper reviews the processes wherein the charges on two colliding particles are
altered and on the experimental methods used to study these processes, In the high
energy range, a comparison is made between the equilibrium beam method of determining
neutralization and stripping cross sections and the slow ion detection methods used to
study charge transfer. Thermal energy reactions which have been studied using afterglow
mass spectrometers are reviewed and the results of various laboratories are compared.
After suenarizing outstanding problems pertaining to charge exchange reactions, some con-
sideration is given to the effects of these reactions in other mass spectrometer applica-
tions.

I. INTRODUCTION

The term "charge exchange" is used somewhat ambiguously in the literature, ranging in
meaning from any heavy particle collision process whereby the charge of one of the col-
liding particles is altered, down to the simple process known increasingly frequently in
present-day literature as "charge transfer" or "electron transfer". In this review, major
attention will be given to the charge transfer process which can be written down in terms
of an ion, A , colliding with a heavy neutral particle, B, by

A- B A +B + 2 (1)

where LE is the energy defect of the process (which in the simplest case is just the
difference between the ionization potentials of A and B).

Viewing this process as a simple electronic transition, the general considerations of
quasi-adiabatic theory of Massey for inelastic heavy particle collisions obtain. In
brief summary, these considerations hold that at low relative velocities between the
colliding particles, the perturbation of the neutral particle by the passing ion changes
sufficiently slowly that no electronic transition is excited. In consequence, at low
relative velocities, the cross section is small. At the other extreme, that of high
initial relative velocity, the time of interaction is sufficiently small that the transi-
tion does not occur readily. Intermediate to these extremes, the transition probability
and the cross section reach a maximum value which occurs at a relative velocity, Vmax
given by

al1Al (2)
max h

where h. is Planck's constant and a is a length of atomic dimensions. Zor the case of
charge transfer, Hasted

2 
has found that a - 8A seems to fairly well fit a large number of

processes involving singly-charged ion processes.

More detailed theoretical treatment of charge transfer has been carried out by a
number of authors, and reviews by Hasted

2 
and Bates can be recommended as general back-

ground readingI In addition, the fact that a theoretical review is given at this meeting
by Donald Rapp justifies directing our attention in this paper to the experimental
aspects of charge transfer and other charge changing processes.

II. HIGH ENERGY CHARGE TRANSFER

The basic physical quantity of interest in charge transfer is the cross section as a
function of energy. It is evident from Massey's formula (Eq. (2)) that for energy defects
of a few ev, the ion energies at which maximum cross sections would be expected are of the
order of kev, and most charge transfer measurements have been made with energies of this
general magnitude. Customarily the ions have been made in an appropriate ion source,
magnetically analyzed, accelerated and then permitted to pass through a gas target. In a
simple charge transfer reaction such as (1), there are clearly three signals readily
available for experimental use: (a) fast atom signals, (b) fast ion signals, and (c) slow
ion signals; all three have been used in different experimental approaches. In most cases
of interest, the charge transfer cross section is much larger than the cross section for
scattering of the fast particle through an appreciable angle, so that to very good approxi-
mation, charge transfer leaves the trajectories of the two colliding heavy particles
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unaltered -- only the transfer of an electron from one particle to the other occurs.

A. Fast Particle Detection

One commonly used experimental method is based on an analysis made by Wien
5 over half

a century ago. It involves the use of thick gas targets and detection of fast particles.
We consider here the simple case where a fast particle can be either neutral or singly
ionized.

A+

As an A ion beam enters a gas of particles B at a number density n, electron capture
occurs (cross section oO) and the beam becomes a mixture of fast ions and fast neutrals.
The neutrals are subjeci to electron stripping (cross section arn), so that if we desig-
nate the fraction of fast particles which are ionized as F1 and te fraction of fast
neutrals as F0 , then

dF1/dx = n(aoIF0 - 0loF l) (3)

and

FI + F 1. (4)

If the target is sufficiently thick, dF /dx approaches zero and the beam achieves equilib-
rium fractiors of the charge states. Frm Eqns. (3) and (4) it follows that the equilib-
rium fraction of the singly charged state is

F 001 10 (5a)

010% '1 5b)
FO '01+ i0

and it can be shown that measurement of FI and FO as a function of the product nx yields
the relationships

FI. 1-F
a = - log (6a)

FO0 n oge  1-F0(-F0 1FO (6b)
001 = -nxloge 1-F0 (nx) (b

Similar relationships can be deduced by analogous arguments for cases where the
charge states are more than two in number.

A typical piece of apparatus for measurements of these "electron capture agd loss
cross sec+i " is shown in Fig. 1. This is the apparatus of Stier and Barnett , who
used fast a. detection for the study of collisions between light ions and gases. A
beam from an accelerator entered the apparatus from the top and was partially neutralized
in the neutralizer. After the mixed beam entered another region of high vacuum, the
electrostatic analyzer (No. 1) was used to deflect the remaining charged particles in the
fast beam enough sothat they would not enter the small aperture in the experimental
chamber itself. A fully neutralized beam entered the apparatus. After emergence from the
collision chamber, the charged particles in the beam could again be deflected at will by
an electrostatic analyzer (No. 6) before the fast particle beam was detected. By varying
the pressure in the collision chamber and by proper use of the electrostatic analyzers,
all data could be obtained to determine separately the cross sections for the various
charge changing processes affecting the fast particle beam.

Figure 2 shows some of the results obtained by Stier and Barnett for the case of a
fast beam of protons and hydrogen atoms interacting with H2 (left hand graph) and He (right
hand graph). Because the negative hydrogen ion H- exists, the cross sections 0-0 and
O_ 1 for stripping and forming H are shown in addition to the positive ion cross sections.

With regard to the positive ion charge transfer, two features are particularly
appropriate to point out. The first is that the electron capture cross sections a dis-
play peaks as suggested by the near-adiabatic theory arguments and at energies of Ne -

order of several key. In addition, the velocity of the peak for p + H2 is substantially
lower than that for p + He, Just as would be expected in view of the energy defects for
the processes being about 2 and 11 ev, respectively, again in accordance with Eq. (2).
The second point of interest is that the electron capture cross sections near the peak
values are as large as or larger than the actual atomic sizes. Clearly the total cross
section for electron capture derives its magnitude from electrons transferring from one
atom to another when the -ditonis are substantially separated in distance. Equally
obviously, there are many values of impact parameter between the colliding particles that



contribute to the total cross section.

In regard to impact parameter, it is particularly interesting to examine a different
type of electron capture and loss experiment, with detection of the fast particles, which
has been carried out in recent years by Everhart and his associates

7 
at the University of

Connecticut. In these experiments a beam of ions is directed at a thin target of gas, and
particle detection is made at a few degrees off the axis of the fast beam. From classical
mechanics it is clear that a given small range of angle of detection must be associated
with a very limited range of impact parameters. Further, it can be shown that the impact
parameter must be much smaller than the atomic dimensions. Basically the collisions are
those in which the nuclei interact to give the angular deflection, so that the ion passes
through the target gas particle; and effectively only one impact parameter is under study
at a time.

Everhart and his associates have concentrated their attention on the fractions of
emerging fast particles which are in various charge states, and most interesting results,
in this case for protons colliding with hydrogen atoms and molecules, are shown in Fig. 3.
The oscillatory nature of the probability of neutralization as a function of initial ion
energy gains more significance when a plot of the capture probability as a function of
inverse velocity is plotted, as is done in Fig. 4. It is seen on this plot that the
oscillations are quite regular.

Since the inverse velocity is a measure of the time of interaction of the two
colliding particles, Fig. 4 shows that the electron, in the resonant case of p + H colli-
sions, actually oscillates between one proton and thg other. Such behavior is predict 1
by quantum mechanical arguments presented by Firsov, Bates,9 and other theoreticians.
Oscillatory behavior between particles where resonance is not obtained is also predicted
and has been studied by the Connecticut group.

The oscillatory behavior is not generally seen in total charge transfer measurements,
since a particular oscillatory pattern is associated with a given value of impact parameter,
and all impact parameters contribute to the total cross section. The separate oscillatory
patterns are thus averaged out.

B. 'Slow Particle Detection

Experiments which detect the production of slow ions in collisions between fast ions
and slow neutrals have perhaps seen more usage for the study of charge transfer. Here
there is some ambiguity between charge transfer and ion-impact ionization, both of which
yield slow ions; however, the two processes can be separated by virtue of the fact that
ionization also yields a slow electron. Hence, in measuring slow particles for studying
charge transfer, both electrons and ions must be measured and both the ionization and the
charge transfer cross sections are obtained.

The usual experimental arrangement involves taking an analyzed ion beam and passing
it through a collision chamber containing a thin target of gas. Either all slow ions are
measured (say to a pair of condenser plates such as were used as electrostatic analyzers
in Stier and Barnett's apparatus), or mass spectrometric detection of the slow ions can
be employed. An alternative method is to run the gas target as a beam and let the ion
beam cross the neutral beam.

In either case, in the slow ion detection method where thin targets are used, the
cross section is obtained from the formula

dIB

d- = Q nB A (7)

where I is the primary current of A+ ions, d is the current of ions B+ 
produced per

unit path length of IA through the gas of number density nB, and Q is the total cross
section for slow ion production (or charge transfer after correction has been made for
ionization of B particles by the fast ion beam).

Figure 5 shows a block diagram of a crossed beam experiment for charge transfer
measurement, this particular one being selectel.b ause it has been used to measure the
total cross section for p + H charge transfer, which was the case for which data
from Everhart were presented to illustrate the oscillatory nature of charge transfer.
This apparatus, which was used at General Atomic to study hydrogen atom charge transfer,
takes a beam from a furnace source, modulates the beam mechanically, and then crosses it
with the fast ion beam. Slow ions are collected either by a total ion collector or in the
mass spectrometric detector shown. The modulation is interposed in order to distinguish
charge transfer with beam particles as opposed to charge transfer with the background gas
in the vacuum chamber. The beam signals are ac at the modulation frequency, and the
background gas gives rise to dc signals which can be separated electronically. 1 3



Results for p + H charge transfer are given in Fig. 6, and the experimental data are
compared with several theoretical calculations for this process. Of particular interest

is the absence of a peak in this cross section curve. This is expected, however, because
of the fact that the process is fully resonant. Not only is there no energy defect, but

the ions, both before and after, are identical -- they are single protons.

Figure 7 shows another total cross section curve, in this case for H + H charge
transfer, which is also a symmetric process. The purposes in showing this curve are two:

first, to illustrate the fact that charge transfer occurs with negative as well as
positive ions, and second to illustrate that resonant charge transfer has a cross section
depending on energy as

Q1/2 A - B log E.

This energy dependence is quite pre$ctable theoretically and the comparison of the
prediction of Dalgarno and McDowell is seen to be quantitatively quite satisfactory.

These two cases represent an extremely simple situation where the process is fully
resonant. We have seen in the data of Stier and Barnett the case of two non-resonant
processes, p + H2 and p + He. Yet, a third general case in charge transfer is that of
"accidental resonance', by which it is meant that the energy defect is zero but the two
ions are not chemically identical. Considerable interest accrues to these cases and in

pssing it is o interest to consider Fig. 8. This figure
1 5 

shows two resonant cases, +

HT H H + H Tnd 0 + - 0-, and two accidentally resonant cases, 0 +H+ O+H

and He + H -* He (n-2) + H. It is seen that over the Tlergy range examined the 0 + H
charge transfer appears to be resonant but that the He + H process does not, despite the

fact that He (n=2) and H have identical ionization potentials. The important point in
connection with accidental resonance is that the effective energy defect is not neces-
sarily the infinite separation energy defect; that the effective energy defect should be

thought of as the difference in energy between the two quasi-molecular states at the

internuclear separation at which the charge transfer actually occurs. Illustrating
this point, as the He

+ + 
and H approach, forming a quasi (He+ H) molecule, polarization of

the H by the He
+ + 

makes a weakly attractive force between the two. As the two separate

after the charge transfer, coulomb repulsion in the quasi (He+H+) molecule is operative.

The potential energy which has to be added at the separation at which the electron trans-

feftakes place can be thought of as the effective energy defect) which, in the case of
He + H charge transfer is of he order of 7 ev. By similar arguments, one would expect
'that at very low energies the 0 + H charge transfer might no longer appear resonant.
The differences in the polarizabilities of the H and 0 atoms would introduce a small

energy defect at separations at which the electron transfer could occur and at the lowest
relative velocities there would be insufficient perturbation to excite the electronic
transition over this small energy defect.

The cases which have received the major experimental attention are those involving
no resonance whatever. Reviews such as are given in references 2, 16, 17, and 18 and a
compilation of charge transfer cross section measurements assembled by 0. Heinz and
E. J. Feinler

1 9 summarize excellently almost all of the results which were obtained up to

about 1960. Generally speaking, the non-resonant charge transfer results are rather

simil~r to those given in Fig. 2 and in Fig. 9 and extend to lower energies the results

for H + H2 charge transfer.

Figure 9 is also presented here for a second reason -- to illustrate some of the
remaining problems in higher energy charge transfer measurement. This figure treats the

inverse processes, p + H2 # H + H
+ . One would expect on the basis of detailed balancing

that these two processes would have similar cross section curves when plotted as a function

of relative velocity. Although Fig. 9 is a plot on the basis of energy rather than

velocity, it is clear that the data of Fite, Brackmann, and Snow
l l 

on I2
+ + H give much

larger cross sections at lower energies than would be expected. Presumably the differences

arise because of uncertainty of the actual states of both the reactants and the products.

In the forward reaction, for example, the state of the H2 is unknown, although at these

low energies the H must almost certainly be in the groundstate. In the inverse reaction

there is no assurance that the H2
+ from the ion source used gave these ions in the same

states as were produced in the forward reaction. Likewise there is no assurance that the

resulting 112 in the inverse reaction was in the groundstate, although the H2 reactant in

the forward reaction certainly was.

What is being said here basically is that if we are to retain our present concep-

tions of the charge !transfer process, it is necessary to ascribe discrepancies such as

are evident in Fig. 9 to uncertainty as to the internal energy states of the particles

participating in the charge transfer collision.

Perhaps the point can be further illustrated by reference to Fig. 10, which compares

the results of various laboratories on the charge transfer between N2 + ions and N2 . While



the same overall features of the cross section curve are forthcoming from the various data,
there are serious discrepancies in the results -- far greater than differences in careful-
ness would seem to warrant. It is fairly obvious to hypothesize that much of the difference
between the results lies in the fact that the various laboratories used different sources
of the N 

+ 
ions and that the populations of the ion states differed frc laboratory to

laboratory. Some evidence i 0already being gathered in various laboratories to support
this hypothesis. Utterback, for example, has recently examined charge transfer of 02
on N2 using a controlled electron bombardment source for the 02 and has found that the
charge transfer cross section curve at low ion energies depends strongly on the electron
energy used to produce the 02 ions. Presmably such shifts in the charge transfer curve
could arise only from differences in population of states of the 02

+ 
ions produced by

electrons of different energies. Similar experiments han been carried out in other
laboratories, and indeed the discussion of J. W. McGowan at this meeting bears very
strongly on this point. Clearly, further investigation of the effects of initial ion
states in charge transfer collisions will constitute a major direction for research in

heavy particle collisions in the ismnediate future.

In addition to concern with initial states of the reactants, another rather recent
direction for charge transfer collision experimentation involves determination of the final

states of products. In these researches, detection of excited products has been made
spectroscopically for the most part. Kistemaker and his associates22 have used a grating
spectrometer in conjunction with otherwise conventional apparatus to detect the states of
both neutral and ionic products in heavy particle collisions, and similar experiments
irntolving excitation of the Balmer series when using hydrogenic ions have been carried out
at the University of Arkansas. Exp~iments by Dunn, Geballe, and Pretzer 

2
- have used

iodine-vapor-filled photon counters to detect Lyman-cr production in collisions of protons
with various gases, and experiments to study both charge transfer and excitation into both
the 2S and 2P states in collisions of protons and atomic hydrogen are now under way using
crossed beam techniques at General Atomic. Perhaps this last case will be of particular
value in comparing experiment with the theory of charge transfer into excited states, for
the p + H collisions have received the most detailed theoretical treatment.

Unquestionably, in the area of high energy charge transfer, the role of internal

energy in the reactants and the products is the major enigma at present.

III. LOW ENERGY CHARGE EXCHANGE

Experiments on charge changing collisions which employ ion beams begin to fail as the
energy of the colliding particles is reduced, primarily because of space charge effects
which limit ion currents and generate serious sensitivity and signal-to-noise problems. In

combination with this fundamental problem, such practical problems as imperfections in
ion-optical systems and the fairly broad energy spreads associated with most ion sources
make the experimental approaches using ion beam techniques highly unattractive at energies
less than a few ev.

In order to reach the thermal energy range, where heavy particle collision data are
needed for several important applications, other experimental techniques must be employed.
One of these, which has seen a great amount of service for several decades, involves the
measurement of mobilities of positive ions in gases in drift tube experiments. Actually
the measured mobility can be related only to a total collision cross section, it has long
been knowm that the mobilities of ions in their parent gases are substantially lower than
in other gases. This observation has been explained in terms of resonant charge transfer,
for which the cross section is not only large but also always produces an ion starting from
rest after the collision. For resonant and near resonant charge transfer, mobility measure-
ment continues to offer an excellent experimental method.

25, 2" tirely different technique which has seen service in at least three laboratories
-" involves the mass-spectrometric monitoring of afterglows. In this technique, a

mixture of gases is placed in a confined volume and this mixture is then weakly ionized by
a pulse of rf power or other means. After cessation of the pulse, the positive ions are
fairly representative of the gases placed in the afterglow volume. As time elapses, how-
ever, the ions undergo collisions with the neutral gas molecules and both ion-atom inter-

change and charge exchange occur to effect a change in the relative populations of the

ions. Placing a small aperture in the afterglow chamber allows the ions diffusing to the

walls to be extracted, accelerated, and mass analyzed. The analyzed ion currents which are
observed then indicate the different ion-neutral collision processes which are occurring
in the afterglow, and the time histories of the detected ion currents give an index to the

rates at which the processes proceed.

Figre ll shows a diagram of such an experiment, this being one in use at General

Atomic.ao The apparatus is basically a bakeable, 60 magnetic sector mass spectrometer

whose source is an afterglow chamber rather than a conventional electron bombardment source.

Gas is introduced into the chamber at the right and it is excited either by a pulse of rf



power or by a pulse of electrons from the General Atomic Linear Electron Accelerator (40
mev). Ions then leave the afterglow chamber through the pinhole end are accelerated and

focussed by the ion lenses. Not shown in the figure is a small electron gun placed Just

outside the afterglow chamber which can be used to electron- mpact-ionize neutral gas

escaping through the pinhole. By use of this gun, the partial pressures of gases in the
afterglow chamber can be determined. The time constant of the electron multiplier used to

detect. the analyzed ions and its associated circuitry was rade less than 1 microsecond so

that quite rapid reactions can be followed with the instrument.

Figure 12 shows an overlap of oscilloscope traces observed with a 100:1 mixture of

N2 :0 2 where the excitation was provided by a pulse of relativistic electrons from the
linear accelerator. No other ions in significant quantities were observed. This figure

would seem to indicate that the two major processes occurring in the afterglow are the ion-

atom interchange pfocess, N+ + 02 -P NO+ + 0, and the charge exchange process,
N2 + 02 - N2 + 02 Both processes appear to have very similar rates.

Before discussing fu-ther the experimental methods and results, it is appropriate to
digress briefly to emphasize that in this section the words "charge exchange" rather than
"charge transfer" are being used. It is to be noted that in the N2 + 02 process given

above, the infinite separation energy defect for the groundstates is about 3 ev. Recalling
that where there is an energy defect a sharp perturbation is required -to effect an elec-

tronic transition, and that at thermal velocitis -the relative motions of the particles

are insufficient to produce a sharp perturbation, it would seem that the N2
+ + 02 process

yielding 02 + cannot be "charge transfer" in the sense of a collision-induced electronic
transition if all particles are in or near their groundstates.

There is a certain appeal to considering the process yielding 02
+ 

in the afterglow to

be one of accidentally resonant charge transfer where the states of the resulting 02 + 
and

N2 are excited so as to make the effective energy defect be zero. While this interpreta-
tion would preserve the concept of the process stilI being one of "charge transfer", con-

siderations of the type applied by Bates and Lynn h to the case of accidental resonance

as opposed to true resonance in charge transfer between atoms would lead one to question
this interpretation.

It would appear to this reviewer that perhaps the basic physics of thermal processes

such as those that lead to 02
+ 

production in collisions betiween N2+ and 02 is not yet

properly identified. It is in deference to 'this opinion that the whole question about the

-physics involved will be begged by continuing to use in this section the general term
"charge exchange" rather than the more specific "charge transfer".

Returning to the matter of results from afterglow mass spectrometer experiments,

there have been two methods used to obtain rate coefficients from ion history curves such

as are shown in Fig. 12. In the first method, attention is directed toward the rate of

decay of a single primary ion, after it has been determined that only one type of secondary

ion appears to be associated with the loss of the primary ion (e.g., intbe case of the
charge exchange results of Fig. 12, it appears that 02+ only is generated by decaying N2

so attention would focus on the decay of N2 +). After the plasma density has dropped to

where electron-ion recombination can be neglected, the total decay of the primary ion

arises both through collisions in the gas phase under study, with a reaction rate k,and

through ambipolar diffusion to the walls of the entire plasma. Thus the overall exponen-

tial decay rate, Z, can be expressed as
D

Z = + kp 2  (8)

where D is the abipolar diffusion coefficient of the primary ion, Ais the diffusion
length or the afterglow chamber (usually taken to be the fundamental mode when observa-

tions are limited to late times in the afterglow) and p is the partial pressure of the

neutral gas with which the primary ions interact to pro uce the secondary ions. If P2 is

very much smaller than the total gas pressure, then variations in P2 should not affect

tie total pressure appreciably nor the ambipolar diffusion coefficient. Thus, by varying

P2 and observing Z, a linear plot should be obtained, the slope of which is the rate con-

stant, with the intercept being the diffusion term.

The second method for handling data avoids the explicit consideration of ambipolar

diffusion by studying tke ratio of secondary to primary ion currents as a function of

time. It can be shown2 that the ratio, R, of number densities of secondary to primary

ions at any point in the plasma is given by

frh re snl r sNle
Cat = Lal~) n e +2 - D IL1,/JIR + kp 2 (1+11) (9)

for a case where a single Primary is Producing a single secondary ion, where aii the
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electron-ion recombination coefficient, Di is the ambipolar diffusion coefficient, and
N is the ion density of the i-th species, and ne is the electron density. Assuming that
tAe measured ion currents are proportional to the ion densities in the vicinity of the
aperture through which the ions leave the afterglow chamber, then the ratio of measured
currents should obey the same expression. If the primary sad secondary ions are similar
in mass, charge, number of atoms, etc., it is reasonable to expect that the differences
appearing in the first term in Eq. (9) would make the entire first term small. Even if it
is not small, h ever, it becomes unimportant if one interests himself in small times where
R is small and W-' kp2 .

By using the secon method of data analysis on t7! process in Fig. 12, the rates
obtained by Fite et als 2 are about 2 x 1O-10 cm3 sec - for N2 ' + 02 charge exchange and
about 5 x 10-10 -3sec-l for N+ + 02 - NO' + 0.

To the present 'time, only one process has been examined by as many as three dif-
ferent groups of investigators using afterglow mass spectrometry. This process is+

0 02 0 + 02 . (Since none of the three groups used isotopic labeling, whether the
process is charge exchange or ion-atom interchange is a moot question.)

Dickinson and Sayers 2 5 at Birmingham studied the decay of the 0+ ions in collisions
with 02 using an afterglow of a pulsed rf discharge in helium-oxygep mixtures and a rf mass
spectrometer of the linear accelerator type. Langstroth and Hasted"7 at University College
London did a similar experiment using similar equipment, although they excited the after-
glow by a pulsed dc discharge. They too used the first method of data analysis Both the
first and second types of data analysis were applied to more recent experiments at General
Atomic which used both He end Ne as buffer gases.

The rather poor state of reliability of afterglow mass spectrometry as a neans to
obtain thermal energy reaction coefficients is indicated by the results of the three
laboratories. Dickinson and Sayers' value, 3 2.5 x 10-11 cm3 sec - 1 , is in marked conflict
with Langstroth and Hasted's 1.2 x O10 cm sec . The General Atomic group's range of
values presently lies between 4 and 8 x 10-11 cm3 sec - 1 , depending on experimenta.l con-
ditions.

The origin of these very large discrepancies in the rate constant for 0++ .02' -0 +02+is not clear. Since there were no obvious errors made in any of the investigations, it

seems likely that the many unasessed complexities of the experimental'technique itself are'
responsible in some way. Particularly suspect are such purely plasma phenomena as plasnr
potential variations and ion sheath formation and decay in the-vicinity of the "ion ex-
traction aperture. Clearly, other experimental methods .are urgently needed to study energy
charge exchange processes -- methods which avoid the problems of extracting an ion from' an
afterglow.

Among the possible techniques to accomplish this are those of ion cyclotron resonance
coupled with afterglows. Recent experiments of Wobschall, Graham, and Malone2 9 have use'd
ion cyclotron resonance in weakly ionized gases to determine collision frequencLes from
the absorption line shapes. While these experiments to date relate more close1r to
mobility measurements, they would seem to offer a particularly interesting possibility in
regard to charge exchange collisions between non-identical species as well.

IV.' CHARGE EXCHANGE AND MASS SPECTROETRY

In light 6f the' nature of this topical conference, it seems appropriate to conclude

with some brief reference to the relations between charge exchange generally and mass
spectrometry. -

Clearly, the first relation is that the teclmiques.of mass spectrometry have-been"
widely employed in the experiments on charge transfer.. Nass-spectrometic methods pro-
duce and analyze the fast beams in the higher energy experiments, and mass spectrometers
are used to detect the slow ions produced in the heavy particle collision. It lies been
mass* spectrometers which have been used to study ion decay in thermal plasmas up to the
present. There is every indication that whatever form charge exchange research takes in
the future, mass spectrometers of one form or another will be the major instrumental
components.

Perhaps a little less obvious are the consequences of charge transfer research to
more conventional mass spectrometry, however. It would seem clear that the analytical
chemist should concern himself with charge transfer in the tube of his analyzer. Resonant
charge transfer cross sections become large at typical mass spectrometer ion energies,
and -the danger of losing certain ions between the source and "the detector is a -very real
one in some analytical mass spectrometers. Since the charge transfer cross section will
depend strongly on the ion species in any given residual gas, the ion populations arriving
at the detector may not be 'the sane as those leaving the source, particularly if' the
vacuum in the analyzer is not the best.

L



Another consequence of charge transfer research of some potential interest for
analytical mass spectrometry comes from the afterglow mass spectrometry experiments. In
particular, the mass spectrum late in the afterglow is very rich in secondary ions as com-
pared with primary ions. If the primary ion can exchange charge with an impurity to pro-
duce a secondary ion, then the long time that an afterglow is held permits a considerable
amplification of secondary ion signal relative to the primary ion signals. As a case in
point in helium of the "spectroscopically pure" classification; i.e., less than 50 ppm
impurity both by manufacturer's claims and conventional mass analysis, it is found that
after about 2 milliseconds in the afterglow, the major ion present is Ne

+
. Also in helium,

unmeasurably smll concentrations of CO are indicated in the afterglow spectrum by the
appearance of C , probably formed by dissociative charge exchange. Indeed it would appear
that where a given charge exchange cross section is large for a primary ion and an impurity
neutral, the time in the afterglow permits the ions to seek out the impurities and ionize
a very high fraction of them. It seems probable that charge exchange can be used to
provide ultra-sensitive detection of certain impurities in certain gases.
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