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Kinetic Energy Distribution of Negative Ions
Formed by Dissociative Attachment and the
Measurement of the Electron Afiinity of Oxygeu*

P, J. Chantry and G. J. Schulz**®
Westinghouse Research Laboratories
Iittsburgh, Pa, 15235

ABSTRACT

The kinetic energy distribution of ions produced by a
dissociative ionization process is derived, taking into account the
effect of thermal wotion of *he target molecule. In the case of dis-
sociative attachment of monoenergetic zlectrons to a diatomic molecule
the width at half maximum of the negative ion energy distribution is
given by (llak‘lil-:o)l'/2 where g is the ratioc of the mass of the ion to
that of the parent molecule, T i3 the target gas temperature, and Eo is
the most probable ion energy. Using a crossed field velocity filter o
ion energy distributions arising from the attachment of essentially
monoenergetic electrons to O2 are studied as a function of electron
energy at two gas temperatures, The measured widths c¢f the distribu-

tions are consistent with the above relationship. Measurements of Eo

as a function of the electron energy allow a determinaticr. of the elec-

tron affinity, A, of atomic oxygen. The result, A = 1,5+ 9,1 eV, is

in excellent agreement with photodetachment threshold determinations.

* This research was supported in part by the Advanced Research Projects
Agency through the U. S, Office of Naval Research,

*%* Present address: Yale University, New Haven, Connecticut,
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Electron beam experiments have been used repeatedly for a
study of negative ion formation resulting from dissociative attachment.
In particular, measurements of the magnitude of the cross section and
the kinetic energy of the fragment ions are of interest, The electron
energy dependence of the cross-section is of value in determining the
potential energy curvel of (he molecular negative ion compound state
along which dissociation occurs, The position of this curve at
infinite internuclear separation cam be determined from the electron
energy dependence of the fragment ion kiretic energy. If the disso-
ciation energy of the neutral molecule is knowr, this provides a
determination of the electron affinity involved. The present paper is

concerned primarily with this second aspect of the problem,

1. In the study of dissociative ionization processes the position of
the relevant potential energy curve in the Franck-Condon region is
often determined by the reflection method. This consists of draw-
ing the curve so that the distribution in kinetic energy of the
fragments is given by the reflection of the square of the ground
state vibrational wave-function in the potential energy curve onto
the energy axis, (See for example H. D. Hagstrum and J. T. Tate,
Phys., Rev, 59. 354 (1941))., Because of the resonant nature of
dissociative attachment this pr¢ ~edure may be carried through
without a knowledge of the kinetic energy of the fragments, re-
quiring instead that the reflection mecthod reproduce the electron
energy dependence of the cross-section on the energy axis. The
potential energy curve so derived is however likely to be seriously
in error, since the method implicitly assumes that the survival
probability against autodetachment of the compound state to com-
plete dissociation is independent of initial internuclear separa-
tion, i.e. electron energy. This is unlikely to be the case, and
the method gives only a first approximation to the compound state
potential energy curve, Determination of its true position must

< also involve a determination of the probability of autodetachment
as a function of internuclear separation, For a detailed applica-
tion of these considerations see T. F, 0'Malley, (submitted to
Phys, Rev, Letters),
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In some cases the electron affinity has been determined by
other methods, such as photodetachment, and from such comparisons it
has become apparent that a serious discrepancy exists between the
electron affinity of atomic oxygen as determined from photodetachment
experiments and the value frcm electron beam experiments. An attempt
to resolve this discrepancy by improving the procedure used in electron
heam experiments, (more reliable electron and ion energy scale cali-
bration and improved ion collection efficiency) has not lessened the
discrepancy.2 Whereas the value of the electron affinity of atomic
oxygen obtained from photodetachment experiments3 was 1,465 eV, the
values from previous electron beam experiments centered about 2,0 eV,

We have rcucent'y pointed outa that this discrepancy in the
values of the electron affinity resulted from an incorrect interpre-
tation of ion retarding curves which are often used to determine the
ion kinetic energy in electron beam experiments. In this paper we
present a more detailed treatment of the theory involved in the inter-
pretation of such experiments, The experimental work reported in this
paper was undertaken in order to demonstrate certain features of the

theory, and also to develop techniques for the proper determination of

2, For a recent review, and references regardirnz this problem, see
G. J. Schulz, Phys, Rev, 128, 178 (1962).

3. L. M. Branscomb, D, S. Burch, 5. J, Smith, and S, Geltman, Phys,
Rev. 111, 504 (1958); for a review see L. M. Branscomb, Chap. 4,
Atomic and Molecular Processes, edited by D, R. Bates (Academic
Press, New York, 1962;.

4, P. J, Chantry and G. J. Schulz, Phys., Rev. Leiters 12, 449 (1964).
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electron affinities from electron beam experiments, For this purpose
we study the O2 molecule, since it serves as a good example of our
considerations and since considerable work has been done on it in the
past,

In Section I of this paper we discuss the theory appropriate
to fragment ion kinetic energy considerations in dissociative attach-
ment, In Section II the apparatus and experimental techniques em-
ployed to measure such kinetic energy distributions are described,

The results of these studies are presented in Section III. The theo-
retical derivation of the fragment ion kinetic energy distribution is

presented in an Appendix,

I. THIORY
Let us consider the reaction in which an electron interacts
with a molecule, XY; forming the negative ion X~ and a neutral frag-

ment Y:

e+ XY > X +Y (1)

In the center-of-mass system, the excess energy of tne reaction, ER,

is given by

ER Ve - (D - A) (2)




where Ve is the kinetic energy available in the center-of-mass system,
D is the dissociation energy of XY, and A is the electroa affinity
of the atom X, Due to the large ratio of the mass of XY to that of
the electron, the center of mass of the reacting system essextially
coincides with the center of mass of XY and moves relative to the
laboratory system with the thermal velocity of XY. This velocity is in
general very much less than the electron velocity, with the result
that Ve is essentially the electron energy meadsured in the laboratory,
For the purpose of this discussion we shall assume that prior
to the reaction the molecule XY is in its ground state, and that che
fragments X~ ard Y are formed in their ground states, In this case,
the total amount of Cthe excess energy ER’ given by Eq (2), must appear
as kinetic energy of separation of the two fragments, and will be
divided between them so as to impcrt equal and opposite momenta to X
and Y in the center of mass system., Thus the ion X~ will receive

kinetic energy, Eo, given by

E = (1 -B) (V, =D =A)] (3)

where g = q/M, m and M being the masses of X~ and XY respecti ely. The
energy of the ion measured in the laboratory system may be obtained by
adding vectorially the initial thermal velocity of XY to the center of
mass velocity of X-, corresponding to Eo’ and will therefore depend on

both the magnitude and orientation of the initial chermal velocity,
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This effect produces a relatively large spread in the ion energy,4
measured in the laboratory. Thus, it i: clear that, while the thermal
motion of the target gas may oe neglected when calculating the energy
balance of the reaction, it dces play a significant role in determining

the fraction of the total excess energy, E_, which appears as kinetic

R
energy of a given rragment in the laboratory.

I7 the thermal motion of XY is neglected entirely, one con-
cludes that the fragment icns are monoenergetic when monoenergetic
electrons are used, their energv being given by Eq (3). This assump-
tion has, in the past, led to an incorrect interpretaticu of retarding
curve mesurements used for detcrmining the negative ion kinetic
energy, giving erroneousiy high values for the electron affimity
involved.

If one assumes that the target molecules have a Maxwellilian
distribution of velocities corresponding to & gas temperature T one
may show that provided Eo >> kT, the fragment of mass m has an energy

distribution

1/2 2
aN /1 1 [1/2 12
N (;anTEo) exp [: akT (% / - Ej / ) dE , 4)

The exact form of the distribution function, applicable without the
restriction on Eo, is derived in the Appendix, In the case o° O
production from O2 at room temperature, Eo always exceeds kT by at

least a factor of ten and use of Eq (4) is justified.




Incpection of Eq (4) shows that the distribution peaks at
E=E_, and that the half-maximum points occur at (Eo + 0,6BKT + 2 VO.GQBkTEo)

ccrresponding to an energy width at half maximum, w1/2’ given by

wl/2 = VllakTEo (5)

Using Eqs (3) and (5) we may obtain a relation between wl/z

and Ve:
wf/z = 1BXT [V, - (D - A)) (6)

The significant width of this distribution has to be taken into account
when attempting to interpret retarding curves taken on the fragment ion.
In order to do so it is necessary to know the acceptance angle of the
retarding system employed, the gas temperature, and the angular distri-
bution of the dissociation prcducts., In attempting to interpret
existing experimental dat:a4 these factors are usvally unknown. In much
of the published data the complete retarding curves have in any case not
been taken. Rather, the "appearance potential" of the negative ions has
been measured as a function of the applied retarding potential, Iunter-
pretation 2f such data requires further assumptions regarding detection
sensitivity and the procedure adopted in determining these appearance
potentials The results of any such interpretation arc therefc-e

subject to certain necessary assumptions. The number of assumptions
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could clearly be reduced oy repetition of the experiments under known
conditions of temperature and acceptance angle. In general, however,
the angular distribution of the dissociation products remains
unknownS and must still be assumed in order to derive the ion energy
distribution from the retarding curves.b

On the other hand, a direct measurement of the position of
the peak of the ion kinetic energy distribution determines Eo directly.
Thus we conclude that in order to preserve the simplicity of inter-
pretation inherent in the use of Eq (3) it is necessary to measure
the position of the peak of the ion energy distributiop as a functiomn

of electron energy.

1I. EXPERIMENT
A diagram of the apparatus used in the present studies is

shown in Fig, 1. The gas being studied, in this case oxygen, enters
the ccllision chamber through a copper tube of 1.2 cm outside diameter
and 0.3 cn inside diameter and of total length 28 cm, of which 8 cm
projects outside the vacuum wall of the system, The external part of
the copper tube is surrounded by a dewar vessel in order that, when
required, the copper tube may be cooled with liqvrid nitrogén. Within

the vacuum system the copper tube terminates in a small flange to which

5. G. H. Dunn, Phys. Rev, Letters 8, 62 (1962).

6. In cases where the dissociation energy and electron affinity are
known it is possible in principle to determine the angular distribu-
tion of the products from an analysis of the shape of the ion re-
tarding curves observed in an apparatus of kncwn large acceptance
angle.




is bolted a 6 mm thick plate which forms one wall of the collision
c.amber and serves also to support the rest of the electrodes shown in
the diagram,

The eiectron beam, whose direction is perpendicular tc the
diagram, is produced by a thoria coated iridium filament and colli-
mated by an electrcde system which permits the use of the retarding
potential difference technique7 for reducing the effective energy
distribution of the electron beam, A rather large electromagnet
aligns the electron beam and bathes thz region indicated by the crosses
in F73. 1 with a uniform magneti- field of approximately 600 gauss,

In the cou.se of this work two types of collision chamber
have been employed Descriptions of these follow.

Conventional Collision Chamber

This is shown schematically in Fig. 1. Tt is a conventional
design consisting of a box in which the ions are formed and are allowed
to escape through a large area apert.re, covered with mesh to reduce
iield penetration into the collision chamber from subsecquent electrodes.
On the wall of the collision chamber opposite the ion exit aperture is
mounted a repeller plate. The application of a few volts to this
electrode, of polarity such as to repel the ions towards the ion exit
aperture, has unly a small effect on the collection efficiency of
fragment ions produced with initial kinetic energies of the order of

1l eV. In experiments of this type where one is attempting to control

7. R. E. Fox, W. M, Hickam, D. J. Grove, and J, Kjeldaas, Rev. Sci,
Instr, 26, 1101 (1952).
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within rather close limits (~ + 0,1 eV) the energy of electrons

L

within the collision chamber, the use of a large ion extraction field

bbb bl andd

is to b~ avoided since it causes variations in potential along the
electron beam, In the present case the potential of the repeller was
in general made only sufficiently negative to ensure that, when taking
electron retarding curves for calibration of the electron energy scale,
the electron beam was retarded in space within the c¢»llision chamber.8

"Split" Collision Chamber

The second design of collision chamber used is shown in
Fig., 2. It consists of three electrically separ.te parts.9 On one
walli of the collision chamber box, B, is mounted a large area, plane

repeller electr.de, R. The opposite wall of the chamber consists of an

8. To ensure that the electron beam is retarded in_the volume of the
collision chamber a small negative potential is applied to the
repeller, with respect to the rest of the ~ollision chamber, The
choice of this potential is made in the following way. Retardiug
curves are taken for various values of the repeller voltage
measured with respect to the collision chamber. It is found that
for repeller voltages V, more negative than a certain value V_(0)
the position cf the retarding curve is strongly dependent on "V_.
For V_ > V_(0) the position of the retarding curve is only weak%y
dependert on V,. These two distinct regions correspond respec-
tively to the electron beam being retarded by the negative space
potential within the volume of the collision chamber imposed by
the repeller potential, and to being retarued at the emtrance or
exit slit of the collision chamber, whichever happens to be the
mcre negative, 1t is obvious that only in the former situation
may the retarding curve be used to determine the energy the
electrons have within the collision chamber, For actual opera-
tion of the ion source VR is made a few tenths of a volt negative
to VR(O). :

—adih.

9. This type of design has been used in the past by P. L. Randolph
and R, Geballe (see footnote 13), and possib.y by others.,
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"attractor" electrode, A, containing a rather large, mesh covered, slit,
The whole assembly forms a reasonably gas-tight bex, the attractor being
separated from the collision chamber box by a circular glass gasket
ground flat to provide good miting surfaces. This design ¢ ifers many
advantages over the conventional source. In particular, by hoiding the
collision chamber box at a suitable potential between that of the
repeller and the attractor, the extraction field produced between the
attractor and repeller does not give rise to potential variations along
the electron beam., Thus one is able to use extraction fields con-
siderably larger than in a conventional source without degrading the
electron energy resolution, It has been demonstrated that, with
suitably chosen potentials applied to A, B, and R, the spread in energy
produced by using large extraction fields arises primarily from the
variation in potential transverse to the electror beam., That is, a
spread in the electron energy is induced equal to the electron beam
width multiplied by the extraction field strength. In the measurements
reported here extraction fields of 0.4 V/cm or less are employed, and
since the diameter of the electron beam is approximately 0,05 cm, an
induced electron energy spread of no more than 20 mV is expected,

The remaining parts of the apraratus, described below, were the same
for both collision chambers,

The Wiin Filter

On leaving the collision chamber the ions _re velocity

analyzed in a "Wien filter", i.c. a crossed magnetic and electric field

U —
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velocity analyzer, consisting of electrodes F, FA, F Before entering

B
the Wien filter, the ions pass a split plate (Pl, PZ) forming a slit
of 0,1 cm width, Between the two halves of electrode P a difference
voltage of usually less than 2 volts is applied to correct for the
effects of the magnetic field on the ion trajectory prior to entering
the filter, allowing the current eutering the filter proper, F, to be
maximized. The Wien filcer, of length 2,5 cm, has entrance and _xit

slits 0,05 cm width, 1.4 cm long. The condenser plates F,, F_ are

A’ 'B

placed symmetrically with respect to the axis of the tube and tha
potential applied between them provides a cross field E, such that ions
of velocity v = E/B pass through the filter.lo Electrode Q, which is
split, performs a similar function to electrode P, s2rving to keep the
ions on an approximately straight course, in the plane of the disgram,
into electrode S which is a simple baffle designed to intercept those
ions which have traversed the filter at large angles (> 8%) to the

axis in the plane perpendicular to the diagram. Such ions would appear
as a signal at the wrong energy, since the filter is only sensitive to
the ion velocity along the axis., The face of this baffle adjacent to
the following cylindrical electrode, (T), is covered with mesh to reduce
field penetration from the large voltage (~~ 100 V) applied to electrode
T, where the ions are accelerated to an energy at which they are no

longer serioi:ly influenced by the magnetic field of the Wien filter,

The electrode system shown in Fig. 1 is surrounded by an open-ended

10, The equations of motiva of a charged particle in crossed electric
and magnetic fields are available in many text books, See for

example J. R, Pierce, Theory and Design of Electron Beams, D, Van
Nostrand, New York, 1949, Chap, 3.




13

metal cylinder which extends as far as electrode T and is held at the
.otential of the collision chamber, i.e. ground., This cylinder serves
to shield the electrode ¢ 'stem from the metal vacuum envelope, which is
held at the potential required to accelerate the ions to the energy at
which they are mass-analyzed, usually +500V, On leaving electrode T
the ions "see" the vacuum envelope potential and are consequently

accelerated to the required energy.

The Mass Spectrometer

The mass spectrometer is a 90o sector magnet instrument,
The resolution is purposely kept low ‘™~ 30) in these experiments in
order to avoid the necessity of simultaneously tuning the mass-
spectrometer and the Wien filter when scanning ion energies, On
leaving the mass-spectrometer ions strike the first dynode of a ten
stage second?ry electron multiplier, the output of which ir detected
by a vibrating reed electrometer operated at 1000 - 2000 V positive
with respect to ground potential, A Servo-amplifier11 is used teo
bring the output of the electrometer back to ground potential,

Measurement of Ion Energy

The instrument is usec to scan the ion energies in the
following way. The series of electrodes, P, F, FA’ FB’ Q, and S are
tined to transmit seiectively ions ot a certain energy, usually about
2 eV. The voltage between electrodes F and the collision chamber is

then swept over the appropriate range, and the ion current plotted,

11, G. J. Schulz, Phys, Rev, 135, A988 (1964).

-
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either manually or automatically, as a function of this voltage. Thus,
ions formed with greater kinetic energy will appear at correspondingly
lower accelerating voltages, "hile sweeping this voltage the poten-
tials of the electron gun, and of the repeller remain constant relative
to the collision chamber, and similarly the potentials oi electrodes P,
Q and S rema’n constant relative to the potential of F,

In the measurement: reported here the ion energy scale was
obtained from the ion accelerating voltage scale by observing O ions
produced by the pair production process

e + O2 - 0+ O+ + e
which has an appearance potential of 17.2 eV. The sharp onset of this
process, cbserved also in previous work,12 and the observation ip the
present work that the peak in the ion energy distribution is relatively
sharp and insensitive to electron energy within a few volts of thresh-
old are strong indications that the O+ + 0 potential energy curve

involved rises above the dirsociation limit at an internuclear

separation close to or less than the 2quilibrium separation of the

12, The pair production process has beun ob. " by a number of
workers, See for example J. D. Craggs, : Thornburn, and B, A.
Tozer, Proc. Roy. Soc. (London) A240, 473 (1957). The most
detailed study is probably that of P, L, Randolph and R, Geballe
(unpub!ished), available as Technical Rept, No. 6, 1958, Dept, cf
Physics, University of Washington, Seattle, Washingtom,

i
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ground state of 02. Only in such a situation13 does one expect the
observed behavior of the cross-section and ion energy distribution as a
function of energy. In this situation the peak in the ic. energy
distribution must be at or very close to zero energy.14 As shown in
Fig, 3 we therefore use the position of the pair production o peak,
taken near threshold, to determine the zero of the ion energy scale,
The instrumental ion energy resolution obtained in the
present studies is believed to be such that the instrumental half-
width, NI/Z(I), is approximately 0.2 eV. Such a figure is consistent
with the observed width of zero kinetic energy 0 produced by pair
production, shown in Fig, 3, and with the temperature dependence
studies, discussed later, Also, in studying parent ions, for example
02+, which are formed with zero kinetic energy the measured half-width,
WL/Z(M)’ is equal to wl/z(I), and has been shown to be related to the
energy at which the ions are transmitted through the filter, EF’ by
the empirical relation EP/wy/Z(I)Ci 10, For EF < 1 eV this relation no
longer holds, wl/z(l) tending to a minimum realizable value of about
0.055 eV for EF £ 0.4 eV, 1In the present case we use E ~ 2.0 ev,

F
and thus we expect WL/Z(I) 250.2 ev.

13. See Fig, 1 . ' accompanying discussion of H. D. Hagstrum, Rev,
Mod. Phys, z , 185 (1951).

i4, This-has been verified by showing that, in a mixture of 0, and CO,
0 produced by the pair production process in 0O, appears at the
same ion accelerating voltage as O~ produced at“the threshold of
dissocizfive attachment in CO, which is such that the ions must
have zerc energy,

I
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Calibration of the Electron Energy Scale

When using the conventional collision chamber, the electron
energy scale was calibrated by taking retarding curves of the trans-
mitted electron current as a function of electron accelerating voltage,
In so doing the electron collector is maintained at a sufficiently
high positive potential, usually a few volts, with respect to the
collision chamber, so that the collected current is saturated; that
is, insensitive to changes in the collector potential, The repeller
potential was always such that the electrons were retarded in the
volume of the collision chamber.

The electron energy scale so determined is such that, in the
difference distribution,15 as many electrons have energies greater than
this value as have energies less than this, This quantity may be
determined by inspection of the difference retarding curve, being
given by the difference between the acceleraving voltage used and the
volt-ge at which the difference current is retarded to one half of

its usual value,

15, In general, a difference voltage of 0,1 or 0.15 V was ueged,
giving a difference electron distribution containing approximately
65% of the electrons in a 0,1 V slice, Since in the present mea-
surements we are particularly interested in relating the most
probable ion energy to the electron energy, it would be preferable
to have the electron energy scale referred to the most probable
electron energy of the difference distribution, If the difference
distribution is approximately symmetrical, as it is found to be,
such a scale would differ from that used here by only a fcw
hundredths of a volt,
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When using the "split" source advantage was taken of the
feature that "total" ion current measurements may be made on either the
repeller or the attractor. Thus, with the same potentials applied
within the source, one may study the mass analyzed 0 sample escaping
through the slit in the attractor, the "total" O .urrent arriving at
the attractor, and tne current of positive ioms arriving at the
repeller, In the present work this facility allowed the electron
energy scale to be calibrated at three separate points: from the
position of the "total" O dissociative attachment peak, the threshold
for O produced ty pair production, and from the threshold for positive
ion production., The same correction to the electron accelerating
voltage scale placed these three points at 6,7 + 0,1 eV, 17,2 + 0,1 eV

and 12,2 + 0,1 :V respectively on the electron energy scale.16

ITII. RESULTS
The dependence ¢” e width of the energy distribution of O
produced from O2 by the reaction

e+ 0, > 0 + 0

l6, The appearance potentials quoted were obtained by linear extrapo-
lation of the ion current to the zero signal level, and therefore
apply to the peak of the electron energy distribution., No attempt
was made to resolve vibrational structure in the ot appearance
potential data., Thus the value of 12,2 eV quoted may well exceed
the true ionization potential of n,. (See J. W, McGowan, E, M.
Clarke, H, P, Hanson, and R. F. Stz2bbings, Phys., Kev. Letters 13,
620 (1964), and J.A.R. Samscon and R. B, Cairmns, J. Opt, Soc, Am,
56, 769 (1966)). It does however agree with previous similaer
determinations (sve for example C. E. Brion, J. Chem, Phys. 40,

2995 (1964)), and as such is a check on the energy scale calibra-
tion,
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on the electron rnergy and the gas temperature has been studied.
Measurements have been made, at room temperature, of the position of
the peak of the ion energy distribution, as a function of elcctron
energy, from which a value for the electron affinity of atomic oxygen
is deduced,

Ion Energy Distributions

Typical measured ion energy distributions are shown in
Fig, 3. The points, through which the curves have been drawn, are
experimental determinations of the difference ion current, normalizea
to give equal peak heights to facilitate visual comparison of the peak
widths, The full curves, drawn through the solid points, refer to
data taken w'th the gas at room temperature.17 The dashed curves, and
open points, refer to data taken with the gas inlet line cooled with
liquid nitrogen., The electron energy used is indicated on each curve,

The single peak to the left represents O formed by pair
production, and is used to calibrate the ion energy scale, as discussed
in Section II. It is clear from Fig., 3 that the width of the ion
energy distribution increases with increasing electron energy, and at a
given electron energy, decreases with decreasing temperature,

According to Eq (6), a piot of the square of the half-width as a

17, Use of the term "at room temperature" here and elsewhere in the
paper implies that no attempt was made to control the temperature
of the gas inlet line, or of the coilision chamber. Under these
conditio..s, the temperature of the collision chamber is likely to
be somewhat above that of the room, due to the proximity, within
the vacuum system, of the electron gun filament,
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function of electron energy should lie on a straight line whose slope
is determined by the gas temperature, Such a plot is shown in Fig. /,
where the solid points correspond to data taken at 10om temperature
and the open points are obtained with the gas-inlet line cooled with
liquid nitrogen, The measured half-widths must be expected to exceed
the theoretically predicted widths due to instrumental broadening
arising from the finite spread in electron energy and the fiunit. reso-
lution of the energy amalyzer. Provided that the real width, WL/Z’
and the width, wL/Z(I), add as the sum of their squares18 the measured

half widths, WL/Z(M) will be given.

2 2 2
wl/2 M) = wl/2 + wl/’2 (1)

where W%/zz is given by Eq (6). Data taken at different gas tempera-
tures are expected to lie on two straight lines whose point of inter-
section is given by (U - A) on the electron energy scale and Ly the
square of the instrumental width on the VL/ZZ(M) scale, The data of
Fig. 4 is seen to be consistent with such an iaterpretation. The

straight lines drawn tarough the two sets nf data ccrrespond to gas

18, This would be the case if both were Gaussian, In the present
situation this is not so, but deviations from the assumed addition
rule are not expected to be serious.

.‘
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1
temperatures 2 of 310°K and 160%¢. Their point of intersection, while

being rather ill-defined due to scatter in the data points, is consistent

with the value of (D - A) = 3,6 determined by a more accurate method
described in the aext subsection and with the expected instrumental
haif-width of approximately 0,2 eV,

Determination of the Electron Affinity of O

As was pointed out in Section I, the position of the peak of
the ion energy distribution (the most probably iun energy) serves to
determine Eo, the quantity defined by Eq (3). The results of such
measurements are sihown in Fig., 5, in which the most prolable ion energy
is plotted as a function of electron energy. Two sets of data are
shown, The straight line, of slope (1 - B) = 1/2, was chosen visually
as the best fit to the data and serves to determine the intercept on
the Ve axis., According to Eq (3), this value of Ve determines (D - A),
the difference between the dissociation energy of O2 and the electron
affinity of O, Knowing the value of D (5.]1 eV),20 we obtain a value
for the electron affinity A, of atomic oxygen, of 1.5 + 0,1 eV, The
precision with which (D - A) way be determined from Fig. 5 is somewhat
better than the quoted probable error, which is believed to cover any

inaccuracies in energy scaie calibrations.

19, A separate determination of the gas tempecature iun the collisior
chamber has not been made, With the gas inlet tube cooled to
779K with liquid nitrogen the gas in the chamber is apparently at
a temperature significantly above this, suggesting that either the
gas does not reach equilibrium with the walls of the gas inlet
tube, or that the thin walls (0,6 mm Advance) of the actual
collision chamber, being exposed to the heating effect of the
filament, do not reach the temperature ¢f the heavy copper gas
iniet tube,

20, P. Brix and G. Herzberg, Can. J. Phys. 32, 110 (1954).
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In equating the position of the peak of the observed ion
energy distribution to Eo’ the most probable io.a energy, it is impo—-
tant to establish that the peak shape is not seriously distorted by a
variation of detection efficiency with initial ion energy. As a check
that the detection efficiency did not depend strongly on initial ion
kinetic energy over the range of interest here, measurements were made
at various electron euergies of the peak height and width, with constant
gas pressure in the source, and with constant electron current, It is
found th:¢t, when corrected for the widths of the distributions, a plot
of the peak ion currents as a func*ion of electron energy does not
reproduce exactly tue shape determined hy "total collection" measure-
ment321 of the current to the attractor eiectrode of Fig, 2, The
discrepancy is small, but for the purposes of this discussion will be
assuped to be due entirely to energy discrimination effects associated
with the Wien filter, T1f we assume that the detection efficiency varies
as E-n, the value of the exponent, n, required to reconcile the shapes
of the attachment cross-section pcak measured by tlie above two methods
is m= 1.0+ 0,2, With the assumed analytic form of the energy dis-
crimination we may show that the peak of the observed ion energy dis-

tribution will be shifted an amount 2r@kT from its true position. Thus

2l. The shape of the attachment ~ross~section determined in this way

agrees very clcsely with the previous measurements of G. J. Schulz,
ref, 2,

i
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its true vaiue, Eo’ fo. room temperature gas.

1
i
we expect the position of the observed peak to be within 0,03 eV of i
j
Iv. SUMMARY

A derivation of the distribution in ion energies expected ;
from dissociative ionization or attachment processes sliows that the {
thermal motion of the target gas causes a significant spread in the
ion energies, which has in the past led to serious errors in the >
interpretation of retarding curves taken on the fragment ions, Direc.
measurements of the ion energy distributions resulting from dissocia-
tive attachment of monoenergetic electrons to oxygen are consistent
with the theorevical predictions, The electron affinity of atomic
oxygen has been determined by a technique invulving the direct
measurement of the most probable iou energy as a function of electron
energy, thus avoiding the difficulties associated with the interpreta-
tion of retarding curves. The electron affinity of atomic oxygen

determined by the present measurements is A = 1.5 + 0,1 eV, in excellent

agreement wi Y1 phofrodetachment threshold determinations.
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V. APPENDIX

Derivation of lon Energy Distribution

Let us consider ions of mass m having velocity Vo in the center
¢ mass system, that is, relative to the center of mass of the target
molecule of wmass M, from which the ions are produced by reaction (1l).
The momentv 1 of the impinging electron is neclected, being typically
an order of magnitude less than the momentum of the target molecule at
room temperatuie and for electron energies of the order of ten volts,

The velocity distribution of ions in the laboratory system
is obtained by adding vectorially to Vo the initial velocity v of the
target molecule in the laboratory system. The velocity space diagram
is shown in Fig, 6, in terms of which we wish to calculate the fra~tion
cf ions whose velocity vectors terminate in the spherical shell of
radius V and thickness dV,

Molecules having velocities before the impact in the range
v to (v + dv) will contribute if their velocity vectors terminate
within the intersection of the two spherical shells, shcwn shaded in
the diagram, The fraction having velocity vectors terminating some-
where in the spherical shell of radius v and thickness dv is given
by the usual Maxwellian distribution function, O0f rhese, a fraction
o terminates in the shaded ring. Since the distribution in v is
isotropic, p is given by the ratio of the volume of the shaded ring to
the volume of the whole shell of radius **, and one may show without

difficulty that
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the limits of integration being obvious from the diagram, Performing

the integration we obtain

1/2 MV V
dN 2M v .M 2 2 Q
(1)

In the limit of Vo > 0 this distribution reverts to a Maxwellian,
corresponding to particles of mass M at temperature T, as one would

expect,
MVOV
If MVOV >> kT, we may assume that exp |- T << 1, and

ovtain

rnoTeT
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1/2
dN M % M 2 .
N - (—zm) v exe [ 2t (Vo V) ] v e

o

In terms of E ( =

N

m Vz) and Eo ( =

N =

m Voz) we obtain the energy

distribution

(iii)

given in the text and in ref, &4 .,

The error involved in this expression will be less than 1%
2MV V

provided exp [- kTo ] < 0.01. 1In terms of the energies, this

restriction becomes
VEE > L.16gkT (iv)
Since E is of the order of Eo’ and B < 1, we expect inequality (iv)

to be satisfied provided Eo >> kT, which is the criterion adopted in

the ctext.
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In the study of dissociative ionization prccesses the position of
the relevant potential energy curve in the Franck-Condon region is
often determined by the reflection method. This consists of draw-
ing the curve so that the distribution in kinetic erergy of the
fragments is given by the reflection of the square of the ground
state vibrational wave-function in the potential energy curve onto
the erergy axis. (See for example H. D, Hagstrum and J. T. Tate,
Phys. Rev. 59, 354 (1941)). Because of the resonant nature of
dissociative attachment this procedure may be carried through
without a knowledge of the kinetic energy of the fragments, re-
quiring instead that the reflection method reproduce the electron
energy dependence of the cross-section on the energy axis. The
potential energy curve so derived is however likely to be seriously
in error, since the method implicitly assumes that the survival
probability against autodetachment of the compound state to com-
plete dissociation is independent of initial internuclear separa-

tion, i.e, electron energy. This is unlikely to be the case, and




[T

the method gives only a first approximation to the compound state
potential energy curve, Determination »f its true position must
also involve a determination of the probability of autodetachment
as a function of internuclear separation., For a detailed applica-
tion of these considerations see T. F. 0'Malley, (submitted to
Phys. Rev, Letters).

For a recent review, and references regarding this probiem, see

G. J. Schulz, Phys. Rev. 128, 178 (1962).

L. M. Branscomb, D. S. Burch, S. J., Smith, and S, Geltman, Phys,
Rev. 111, 504 (1958); for a review see L. M. BRranscomb, Chap. 4,

Atomic and Molecular Processes, edited by D. R. Bates {Academic

Press, New York, 1962),

P, J. Chantry and G. J. Schulz, Phys. Rev, Lettars 12, 449 (15€4).

G. H.Dunn, Phys. Rev. Letters 8, 62 (1962).

In cases where the dissociation energy and electron affinity are “nown

it is possible in principle to derermine the angular distribution of

the products from an analysis of the shape of the ion retarding
curves observed in an apparatus of known large acceptance angle.
R. E., Fox, W. M Hickam, D. J. Grove, and J. Kjeldaas, Rev, Sci.
Instr, 26, 1101 (1955).

T5 ensure that the electron beam is retarded in the volume of the

collision chamber a small negative poteantiai is applied to the
repeller, with respect to the rest of the collision chamber. The
choice of this potential is made in the following way, Retarding
curves are taken for various values of the repeller voltage

measured with respect to the collision chamber, It is found that
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for repeller voltages VR more negative than a certain value VR(O)
the position of the retarding curve is strongly dependent on VR'
For VR > VR(O) the position of the retarding curve is only weakly

dependent on VR' These two distinct reginons correspond respec-
tively to the electron beam being retarded by the negative ppace
potential within the volume of the collision chamber imposed by
the repeller potential, and to being retarded at the entrance or
erit slit of the collision chamber, whichever happens to be the
more negative, It is obvious that only in the former situation
may the retarding curve be used to determine the energy the
electrone have within the collision chamber. For actual opera-
tion of the ion source VR is made a iew tenths of a volt negative
to VR(O).

This type of design has been used in the past by P, L. Randolph
and R, Geballe (see footnote 13), and possibly by others.

The equations of motion of a charged particle in crossed 2lectric

and magnetic fields are available in many text books. See for

example J. R, Pierce, Theory and Design of Electron Beams, D. Van

Nostrand, New York, 1949. Chap. 3.

G. J. Schulz, Phys. Rev, 135, A988 {1964),

The pair production process has been observed by a number of
workers, See for example J. D. Craggs, R. Thornburn, and B. A.
Tozer, Proc., Roy. Soc. (London) A240, 473 (1957). The most
detailed study is probably that of P. L. Randolph and R. Geballe
(unpublished), available as Technical Rept., No. 6, 1958, Dept, of

Physics, University of Washington, Seattle, Washington,
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16.
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See Fig. 1 and accompanying discussion of H., D, Hagstrum, Rev,
Mod. Phys. 23, 185 (1951).

This has been verified by showing that, in a mixture of O, and CO,

2

9 produced by the pair production process in C, appears at the

2
same ion acceler:.ing voltage as 0 produced at the threshold »f
dissociative attachment in CO, which is such that the ions must
have zero energy.

in general, a difference voitage of 0.1 or 0.15 V was used,
giving a differenc :lectromn distribution containing approximately
65% of the electrons in a 0,1 V slice., Since in the present mea-
surements we are particularly interested in relating the most
probable ion energy to the electron energy, it wculd be preferable
to have the electron energy scale referred to the most probable
electron energy of the difference distribution, If the difference
distribution is approxisately symmetrical, as it is found to be,
such a scale would differ from that used here by only a few
hundredths cf a vo.t.

The appearance potentials quoted were obtained by linear extrapo-
lation of the ion curremnt to the zero signal level, and therefore
apply to the peak of the electron energy distrit-.:lon., No attempt
was mace to resolve vibrational structure in tn 02+ Appearance
potential data, Thus the value of 12,2 eV quoted may well exceed
the true ionization potential of 02. (See J. W, McGowan, E, M.

Clarke, H. P. Hanson, and R. F. Stebbirgs, Phys. Rev, Letters 13,

520 (1964), and J.A.R, Samson and R. B, Cairms, J. Opt, Soc. Am,

LY
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17,

18,

19,

3V

26, 769 (196€)). 1t does nuwever agree with previous similar
determinations (see for example C. E. Brion, J, Chem, Phys, 40,
2995 (1964),, and as such is a check on the energy scale calibra-
tion,

lise of the term "at coom temperature’ here and elsewh2re in the
paper implies that no attempt was made to control th: temperature
of the gas inlet line, or of the collision chember. Under these
conditions, the temperature of the collision chamber is likely to
be somewhat above that of the room, due to the proximity, within
the vacuum system, of the electron gun filament.

This would be the case if both were Gaussian, In the present
situation this is not so, but deviations from the assumed addition
rule are not expected tc be serious,

A separate determination of the gas temperature in the collision
chamber has not been made, With the gas inlet tube cooled to
77°K with liquid nitrogen the gas in the chamber is apparently at
a temperature significantly above this, suggesting that either the
gas does not reach equilibrium with the walls of the gas inlet
tudbe, or that the thin wallg (0.6 mm Advance) of the actual
collision chamber, being exposed to the heating effect of the
filawent, do not reach the temveratuve of the heavy copper gas

inlet tube,
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P, Brix an. G. Herzberg, Can. J. Phys, 32, 110 (1954),
The shape of the attachment cross-section determined in this way

agrees very closaly with the previous measurements of G. J. Schulz,

ref, 2.
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Figure Captions

"conventional'

—

Fig. Diagram of the electrode system, showing the
collision chamber and the ion velocity (Wien) filter,

Section through the "split" collision chamber. A is the

[

Fig.
attractor electrode, R the rej zl1ler, The electron beam, EB,
enters and leaves the collision chamber box, B, through
small orifices,

Fig. 3 Kinetic energy distributions observed at the electron

i energies indicated, Data represented by filled éoinis and
full curves were taken with room temperature gas; the open
points and broken curves represent data taxken with the gas
inlet cooled with liquid nitrogen., The energy distribution
resulting from pair production, using 18 eV electrons, is
used to calibrat: the ion energy scale,

Fig. 4 A plot of the square of the measured half-width of the O
ion kinetic energy distribution versus the electron energy
used, The temperatures indicated are obtained from the slopes
of the straight lines drawa through the two sets of experi-
mental points.

Fig. 5 A plot of the most probable ion energy versus the electron
energy used, The straight line, of slope Q/Z prescribed by
Eq (3), is drawn through the two sets of experimental points
shown, and intercepts the abcissa at (D - A) = 3,6 eV, from

which we conclude that A = 1.5 eV,




Fig.

33

Veiocity space diagram, Vo i3 the velocity of an ion
relati 2 to the center of mass of the parent molecule whonse
initial thermal velocity was v, V is the resulting ion

velocity in the laboratory system,
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Fig. 2—Section through the "Split" collision chamber
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