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The atom-beam recoil technique has been used to measure absolute total cross sections for the scattering
of electrons by atomic and molecular oxygen at 22 energies between 0.5 and 11.3 eV, with additional data
obtained up to 100 eV. In this method, a modulated electron beam cross-fires an atom beam, whose attenu-
ation at the modulation frequency is observed. A mechanical chopper is utilized so that both the total atom
beam and its scattered component can be measured by the same ac detection and amplification systems. It is
therefore possible to determine absolute cross sections without requiring knowledge of the beam detection
efficiency or the over-all gain of the amplification system. The angular resolution in the electron polar
scattering angle ranges from about 15.6° at 1 eV to 9.6° at 12 eV for O, and from about 18.5° at 1 eV to
11.4° at 12 eV for Os. Our absolute values for Oz between 0.5 and 11.3 eV are between 109, and 209, higher
than those of Briiche, while the shape of the curve agrees well. The atomic cross sections vary from about
5.3 A2at 0.5 eV to 8.3 A2 at 11.3 €V, with an estimated error of 209, except for the 0.5-eV point, which has
an error of 309,. These results are in excellent agreement with semiempirical calculations of Cooper and
Martin and of Robinson and Geltman, as well as with the polarized-orbitals calculation of Temkin, and the
the static central field exchange approximation of Myerscough.

I. INTRODUCTION

HE scattering of low-energy electrons by atomic
oxygen has been the subject of many theoretical
investigations in recent years. For example, calculations
of elastic scattering of electrons by atomic oxygen
include those of Klein and Brueckner,! Cooper and
Martin,2 and Robinson and Geltman.? All these calcu-
lations are based upon the assumption that the interac-
tion can be represented by a static potential in the
energy range below 10 eV. They differ in the form of the

* Supported by the Advanced Research Projects Agency,
through the U. S. Office of Naval Research, and the Defense
Atomic Support Agency, through the U. S. Army Research Office,
Durham, North Carolina.

t From part of a thesis submitted by G. Sunshine to the Gradu-
ate Faculty of New York University in partial fulfillment of the
requirements for the degree of Doctor of Philosophy. For a pre-
liminary report of this work see Abstracts of Fourth International
Conference on the Physics of Electronic and Atomic Collisions
(Science Bookcrafters, Inc., Hastings, New York, 1965), p. 130.

I Present address: Department of Physics, New York Institute
of Technology, Old Westbury, New York.

M. M. Klein and K. A. Brueckner, Phys. Rev. 111, 1115
(1958). The semiempirical approach based partly upon knowledge
of the binding energy of O~ was first developed in this paper, as a
by-product of the calculation of the photodetachment crosssection
of O~. The effective-range formula employed is inappropriate for
the low-energy electron-atom problem, however. See Ref. 2 for a
discussion of this point.

2 J. W. Cooper and J. B. Martin, Phys. Rev. 126, 1462 (1962).

3E. J. Robinson and S. Geltman, Phys. Rev. 153, 4 (1967).
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potential chosen and in the values of the parameters
describing the potentials. These are semiempirical
calculations, and they would seem to be particularly
appropriate for atoms whose binding energies for the
negative ion are known, since behavior of the unper-
turbed atom’s potential at large distances from the
origin can be accurately determined by finding the
value of a cutoff parameter which yields the correct
negative-ion binding energy.?* One difficulty with the
employment of potential scattering theory lies in the
fact that no well-established criteria exist for determin-
ing the range of energies for which the theory is valid.
One must, to some extent, rely upon experiment to
decide this question.

" Temkin* first employed the method of polarized orbi-
tals for atomic oxygen. Since this is a calculation made
from first principles, it should be expected to be more

3a Recently, V. P. Myerscough has also made a static central
field calculation with exchange, for the s-phase shift only, for
energies between 0 and about 1.5 eV. Her results lie very close to
those reported in this paper, where they overlap [Phys. Letters
19, 121 (1965)7].

4 A. Temkin, Phys. Rev. 107, 1004 (1957). A general scheme for
the ab initio calculation of elastic scattering by many-electron
atoms has been outlined by Bauer and Browne [E. Bauer and
H. N. Browne, in Proceedings of the Third International Conference
on Physics of Electronic and Atomic Collisions (North-Holland
Publishing Company, Amsterdam, 1963)7], with results given for
O.tHowever, details of this calculation have not been published.

1
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Fic. 1. Schematic diagram of the experimental arrangement.

accurate than potential scattering theory. Of course,
such a calculation for atomic oxygen is quite difficult.
Temkin’s values are in qualitative agreement with those
of Refs. 1-3a, although they lie slightly lower (primarily
because only s-wave scattering was considered). Ney-
naber ef al.5 performed a crossed electron-beam experi-
ment in which the attenuation of the electron beam
by the atomic beam was used to obtain relative cross
sections which were normalized to the O, data of
Briiche.®

The present experiment employs the atomic-beam
recoil method.”® These represent absolute determina-
tions, since the recoil method yields the cross section
directly in terms of the electron current, mean beam
speed, and certain geometry factors. Knowledge of the
atom-beam detection efficiency and of the over-all gain
of the electronic system are not required. The results
recorded here indicate cross sections relative to O,
which are larger in the energy range above 6 eV than
those of Neynaber et al.,® but which roughly agree be-
tween 2 and 6 eV. The difference at higher energies,
however, is about equal to the combined limits of
experimental error.

II. EXPERIMENTAL METHOD

A schematic diagram of the experimental arrange-
ment is shown in Fig. 1. The rectangular atomic oxygen

5R. H. Neynaber, L. L. Marino, E. W. Rothe, and S. M.
Trujillo, Phys. Rev. 123, 148 (1961).

¢ E. Briiche, Ann. Physik 83, 1065 (1927).
(1;61(% Rubin, J. Perel, and B. Bederson, Phys. Rev. 117, 151

8 J. Perel, P. Englander, and B. Bederson, Phys. Rev. 128,
1148 (1962).

beam, which is produced by an rf discharge, is cross-
fired by a chopped (50-cps) electron beam. The decrease
in atom-beam intensity in the forward direction is ob-
served as an ac signal at 50 cps by the atom-beam
detector. The detector is of the ‘‘universal” type
containing a Weiss-type® ionizing gun followed by a
magnetic mass spectrometer and electron multiplier.
The full beam can be mechanically chopped. This pro-
cedure effectively calibrates the detection and electronic
systems.

It is shown in the Appendix that the total molecular
cross section with the discharge operating is given by

Qn=1.064(hean/7)(S/I), ¢))

where / is the common dimension of electron and neutral
beams in the scattering region, i/e is the electron cur-
rent (electrons/sec) which passes through the atom
beam, &, is the most probable velocity in the source, and
S/I is the ratio of the measured scattering signal to the
total beam signal (7 is measured using the mechanical
chopper). In Eq. (1), corrections have been made for
the phase shift at the detector due to the beam transit
time from the scattering gun and from the chopper, and
also for the fact that both the scattering and detection
are density, rather than flux sensitive operations.

The molecular cross section can, of course, be deter-
mined either with or without the discharge operating,
by setting the mass spectrometer onto the mass-32
peak. [A slightly different numerical coefficient than
that of Eq. (1) results if the discharge is off.] Unfor-
tunately, approximately 409, of the mass-16 peak with

this discharge operating is produced by dissociative

9 R. Weiss, Rev. Sci. Instr. 32, 397 (1961).
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ionization of 0..X° Thus the molecular contribution at
the mass-16 position must be subtracted from the total
signal to obtain the atomic cross sections. Let R be the
ratio of the beam signal at the mass-16 peak to the
signal at the mass-32 peak, measured with the discharge
off, i.e., R is the production efficiency of Ot from O,
relative to that of Os*. It is also shown in the Appendix
that the atomic cross section Q, is now given by

1.025heaa/51-—1e32>
i \5,—rn/’

where the subscripts 1 and 2 refer to signals recorded at
the mass-16 and mass-32 peaks, respectively. All quan-
titiles in Eq. (2) are obtained with the discharge
operating.

The cross sections as determined from Egs. (1) and
(2) are absolute, in the sense that all quantities are
either directly measured (i.e., R, S, I, and 1), or are
known with reasonable precision (i.e., 4, o, and the
beam-straggling corrections). On the other hand, the
relative cross section Qo/Qn can be obtained by taking
the ratio of Egs. (1) and (2),

(1251/1132)—R(12/11)
1—R :l ©

Here the geometry and mean-speed effects cancel (as-
suming atoms and molecules possess the same source
temperature) leaving only a relatively small beam-
straggling correction which is due to the difference in
mean beam speeds of O and O,. Thus, systematic errors
are largely eliminated, and it is expected that the error
in the ratio Qu/Qn will be somewhat smaller than those
of the absolute values.

2

a

Qu/Qm= 1.362[

III. APPARATUS

The beam system consists of four adjoining vacuum
chambers, separately pumped. These are, first, the
source chamber containing the discharge tube, second, a
differential chamber, third, the scattering chamber con-
taining the electron-scattering gun and the mechanical
chopper, and finally the detector chamber. The detector
chamber is an ultrahigh vacuum system, in order to
minimize noise due to detection of background gases.
During beam operation, typical pressures are 6X10~°
Torr in the source chamber, 4)X10~% Torr in the dif-
ferential pumping chamber, 1.5X10~7 Torr in the
scattering chamber, and 3X10=® Torr in the detector
chamber.

Atom-Beam Source

The atomic oxygen source is a low-power rf discharge.
The discharge tube is quartz and has an over-all length

10 See, for example, D. Rapp and P. Englander-Golden, J.
Chem. Phys. 43, 1464 (1965). The Weiss ionizing gun produces a
deep space-charge trough which traps the positive ions and directs
them towards the entrance aperture of the mass spectrometer.
This trough is deep enough to trap the Ot fragments despite their
average kinetic energy of several volts.
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of 10 cm. Molecular oxygen is mixed with approximately
359, hydrogen to promote dissociation and, typically,
259, dissociation is achieved. The discharge is operated
at about 30 Mc/sec and 1.25 Torr, at which pressure
the beam can be reasonably well expected to possess a
(modified) Maxwellian velocity distribution. The source
slit is 0.125 in. high and 0.007 in. wide.

As in the experiment of Neynaber et al., it does not
appear likely that a significant fraction of excited-state
atomic or molecular species reached the interaction
region.”! This was confirmed for O, by the fact that there
was no significant difference in the measured O; cross
sections with and without the discharge operating.
Recently, Brink? has been unable to observe any
metastable 1S or 1D atomic oxygen in a beam produced
by an rf discharge similar to ours in a magnetic-
resonance atomic-beam experiment.

Electron Gun

The scattering gun is a six-electrode structure sup-
ported from above by a water-cooled vacuum-chamber
flange. It produces a uniform electron beam 0.125 in.
X 1.500 in. in cross section. Two Alnico bar magnets,
positioned outside the vacuum envelope, produce a
reasonably uniform magnetic field of about 1000 G,
along the electron path.

Retarding potential curves and an analysis of the
experimentally observed peak at 2.3 eV in the molecular
nitrogen cross section indicate an electron-energy spread
of approximately 0.7 eV full width at half-maximum
(FWHM) over the energy range of the experiment.
(Typical currents employed were of the order of 1 mA.)
Two grids and a channel defining the atom-beam height,
all kept at ground potential, surround the scattering
region to both minimize space-charge effects and pre-
vent stray electric fields from penetrating into the
interaction region. The cathode potential is adjusted to
provide the desired electron energy. In addition to the
second grounded grid, the electrons are collected by a
suppressor grid and plate which are both kept at a
potential of 40 V positive with respect to ground. This
prevents any secondary electrons from reentering the
scattering region.

Detection System

Construction details of the Weiss-type ionizing gun
used in this experiment are given by Aberth.* The
length of the electron beam along the atom-beam

11 See, for example, J. W. Linnett and D. G. H. Marsden,
Proc. Roy. Soc. (London) A234, 489 (1956).

2 G, Brink (private communication). However, he has recently
observed excited states of both O and O, using a high-power
(~50-W) microwave discharge [ Cornell Aeronautical Laboratory
Report No. RM-2156-P-1, 1966 (unpublished)].

BW. Aberth, Rev. Sci. Instr. 34, 928 (1963). Also, W. Aberth,
G. Sunshine, and B. Bederson, in Proceedings of Third International
Conference on the Physics of Electronic and Atomic Collisions
(North-Holland Publishing Company, Amsterdam, 1963), p. 53.
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F1c. 2. Total cross
section for scattering of
electrons by O: in the
energy range 0.5-11.3
eV. The solid line repre-
sents a best smooth-
curve fit to the present
measurements. The
dashed and dotted lines
refer to the early meas-
urements of Briiche
] (Ref. 6) and Ramsauer
and Kollath (Ref. 15),
J respectively.
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direction is 1.5 in., and the width is 0.175 in. Typically,
about 80 V was applied to the grid and anode, and about
100 mA of useful current was obtained. Extraction
electrodes direct the ion current into a 60°-sector-type
magnetic analyzer. The detection chamber is bakable
and pumped by an Ultek 100-liter/sec ion pump, and
is connected to the beam system by a channel with
cross-sectional area 0.040 in.X 0.4 in. The channel serves
the purpose of isolating the ultrahigh vacuum of the
detector chamber from the rest of the beam system.

A phase-sensitive lock-in amplifier, synchronized by
the ac scattering-gun voltage, was_used to detect the ac

TasLE I. Molecular (Q,) and atomic (Q.) total scattering
cross-section data for oxygen.
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scattering signal. The dc output of the lock-in was then
fed to a voltage-to-frequency converter and then to a
scaler-timer for integration.

Angular Resolution

The angular resolving power, referred to the afomic
beam, can be estimated by using the so-called “509
criterion,” i.e., the atomic angular resolution; By is
defined as being that angle for which 509 of all scat-
tering events are observable by the atom-beam de-
tector.* To estimate this quantity we first assume a
rectangular beam of infinite height and effective hali-
width =0.028 in., and a detector of equal half-width.
This corresponds, in the Kusch analysis, to the ratio of
detector width to beam width equal to unity. The quan-
tity po=180/b, where l is the distance from the scattering
region to the detector, is then calculated using Eq. (3a)
of Ref. 14 to be pp=1.57. Since I=42.1 in., B¢=~<10-% rad.
The resolution is not significantly altered by taking into
account the finite beam height, since the ratio of
beam height to width is greater than 10. Trans-
forming to the electron polar scattering angle, one finds
00(V)= (2M VBo/mv)*2, where mv and MV are the
initial electron and atom momenta, respectively, and we
have assumed my<<MV. It is this assumption which
makes B¢ independent of the electron azimuthal scat-
tering angle. The angular resolution referred to the elec-
tron polar scattering angle is a function of atom
velocity. We obtain an effective resolution by averaging
over the velocity distribution of the atom beam to
obtain (fo)= (32MET/mm?1?)/*8,'/2, Using this formula,
we calculate the effective angular resolution for atomic
oxygen to range from 15.6° at 1 eV t0 9.6° at 12 eV, and

1 P. Kusch, J. Chem. Phys. 40, 1 (1964).
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Fic. 3. Total cross
sections for scattering of
electrons by O, in the
energy range 0.5-11.3
eV. The data points are
compared to calcula-
tions of Cooper and
Martin (Ref. 2), Robin-
son and Geltman (Ref.
3), and Temkin (Ref. 4).
The p-wave partial cross
section of Cooper and
Martin has been added 4r
to the s-wave calcula-
tion of Temkin. u
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for molecular oxygen to range from 18.5° at 1 eV to
11.4° at 12 eV. This assumes a beam temperature of
450°K.

IV. DATA AND EXPERIMENTAL ERROR

At each energy, the molecular and atomic scattering
signals were usually counted for 4 and 8 min, respec-
tively, and the total molecular and atomic signals (using
the mechanical chopper) were counted for 0.2 min.
About 125 runs for atomic oxygen were made at 22 en-
ergies between 0.5 and 11.3 eV, over a period of several
months. Two molecular runs were always taken to
bracket each atomic run. The data presented in Table I
represent the combined averages of all of these runs.
The measured absolute total cross sections for O and Oy,
obtained using the parameters of Table II and Egs.
(1) and (2), are given in columns 2 and 3. The ratios
Qa/Qwm are given in column 4. These values represent
the averages at each energy obtained by using corre-
sponding pairs of S1/I; and Ss/I5 in Eq. (3).

The O, data are plotted in Fig. 2, along with the
results of Briiche® and Ramsauer and Kollath,'® both
obtained using a Ramsauer-type apparatus. The curve
drawn through our data points represents a modified
straight-line least-squares fit.!® The curvature was esti-
mated by averaging the deviations of adjacent data
points from the straight line and by then drawing a
smooth curve through these averages. The curve devi-
ates by less than 69, from the least-squares straight
line over the entire range of measurements. The shape

16 C. Ramsauer and R. Kollath, Ann. Physik 4, 91 (1930).
16 The equation of the least-squares straight line is
Qm=1.24-10.136V,,

where V, is the electron energy in eV.

4 5 6 7 8 9 10 I 12
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of the curve agrees quite closely to that of Briiche.
Our values are between 10 and 209, higher than the
Briiche results, although they agree very well with the
Ramsauer-Kollath values over the limited range of
overlap. The atomic data points are plotted in Fig. 3,
along with the results of several recent calculations. The
ratios Q./Qn are given in Fig. 4.

Additional measurements of both O and O, were made
in the energy range 12-100 eV. The results are plotted
in Fig. 5, along with Briiche’s O, curve, which extends
only up to 49 V. Here only two atomic runs were made
at each energy. However, the statistics were somehwat
better than in the low-energy measurements, because
of the higher scattering currents. There is no other
experimental or theoretical information concerning
atomic oxygen in this energy range.

The principle sources of error in this work are probably
systematic in origin. The over-all random error, due
primarily to beam noise, is about 109,. The noise arises
from fluctuations in source pressure and scattering by
background gas, and was about 10 times higher than
the shot noise of the beam. A partial list of possible
sources of systematic error includes uncertainties in
measurement of the apparatus parameters, particularly
in % (the common dimension of the interaction region)
and in the beam temperature. Long-term drifts in beam
temperature, and other long-term variations in ap-
paratus parameters over the course of a given set of
molecular and atomic runs, also introduce errors;
these, however, are not necessarily systematic when
averaged over many sets of runs. The principal errors
introduced by the electron gun include errors in the
calculated space charge and measured contact-potential
corrections to the electron energy during a run, errors
in electron path-length due to focusing and to the
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helicity effect of the magnetic field, and to reflections of
electrons from grids and surfaces. The helicity effect,
while calculable in principle, is difficult to estimate
accurately, and has not been corrected for in this work.
Electron-gun errors are the same for a given set of
atomic and molecular runs, so that they do not con-
tribute to the estimated error in the ratio determination.

Our estimate of the over-all systematic error is 189,
and we therefore claim a total error of 209, for the
absolute data, with the exception of the 0.5-eV point,
for which the error is 309%,. The error in the ratio data
is 139, arising from the random errors of 89, and 109,
in the molecular and atomic data, respectively.

V. DISCUSSION OF RESULTS

The proper method of comparison of our measure-
ments with those of Neynaber et al.’ is by means of the
ratios Qu/Qm, since the latter group performed relative
measurements normalized to Briiche’s molecular curve
at each energy. Our molecular cross sections are some-
what higher than those of Briiche, so that a direct
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F1c. 5. Total cross sections for scattering of electrons by O and
O:; in the energy range 12-100 eV. The solid curve represents the
O: measurements of Briiche (Ref. 6).

comparison of the atomic cross sections would have in-
troduced a systematic bias between the two experiments.
In Fig. 4 it is seen that the agreement is reasonably
good at energies up to about 6 eV, and that our ratios
are somewhat higher than those of Neynaber et al.
above 6 eV. It should be noted that in this latter
energy range the angular resolution in the present work
averages to be about 11° in the electron polar scattering
angle, while it is about 25° in the Neynaber experiment.
A difference in the differential cross section for O and
O in this range of scattering angles could account for
the discrepancy.

The systematic difference between our O measure-
ments and those of Briiche lies well within the estimated
combined systematic errors of both experiments. On
the other hand, our measurements at 1 and 0.5 eV are in
virtually exact agreement with Ramsauer-Kollath.
Clearly more work is required using both crossed-beam
and beam-gas techniques, in order to resolve differences
in absolute values which are of the order of 209,.17

Our atomic data are compared in Fig. 3 with the total
elastic cross-section calculations of Cooper and Martin,?
Robinson and Geltman,? and Temkin.* The original
polarized orbital calculation of Temkin was for s-wave
scattering only. For a better comparison with experi-
ment, Temkin’s curve in Fig. 3 includes the p-wave
partial cross section calculated by Cooper and Martin.
Our results below 7 eV essentially bracket the Robinson-
Geltman and modified Temkin calculations (the latter
performed only up to 5 eV). Between 7 and 12 eV the
Cooper-Martin and Robinson-Geltman calculations are
virtually identical and lie slightly below the average
of qur data points. The difference here could readily

17 Some of the difficulties in absolute cross-section determina-
tions are discussed in a critical review of ionization cross sections
by Kieffer and Dunn [L. J. Kieffer and G. H. Dunn, Rev. Mod.
Phys. 38, 1 (1966)]. Many of the problems discussed therein
apply equally to total cross-section measurements.
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be accounted for by the contribution of inelastic
channels to the total (measured) cross section.

The agreement of experiment with semiempirical
potential scattering theory, on the one hand, and with
a quasidynamic calculation made from first principles,
on the other hand, is therefore seen to be extremely
good in the “low-" energy domain.
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APPENDIX

In a molecular beam which is formed by effusion,
the beam intensity, J (v)dv, from particles with velocities
between v and v+dv is

J (v) = (27 0*/af) exp(—v*/c?) (A1)

where Jo is the full beam intensity and a= (2kT/m)'/?
is the most probable velocity in the source. In the
present experiment the beam was detected by an elec-
tron-bombardment ionizer in which the probability
that a particle is ionized is proportional to the time
spent in the detector, i.e., inversely proportional to
the velocity of the particle. Therefore, the velocity
distribution in the detected beam is

Ji(v) = (2]037;7)2/0l4) exp (— 7)2/012) ) (AZ)

where B;/v is the probability that a beam particle with
velocity v is detected. Similarly, the velocity distribu-
tion in the beam which is first scattered and then
detected is

J5(v)= (2JoB;Bsv/c*) exp(—12/a?), (A3)

where (B;/v) is the probability that a beam particle
with velocity v is scattered. The collision cross section
Q and B, are related by the expression

B.=Qi/he, (A4)

where 7/e is the electron-scattering current in electrons
per second and 7 is the common electron and atom beam
heights in the interaction region.

There is still a further factor to be introduced in the
distribution of detected velocities in the beam when
phase-sensitive detection is used. The output of the
electronics gives a signal proportional to the input
signal multiplied by the cosine of the phase angle be-
tween it and an arbitrary phase reference signal. Since
a beam particle requires a time 7/v to travel the distance
I from the modulation region to the detector, it is seen
that the output signal of the phase-sensitive detection

OF TOTAL CROSS SECTIONS 7
system is
Ji= 2]0]?61- /“’ 12 cos[ ot (2mvla/v) ]

: ' Xexp(—/a?)dv, (AS5)
when the full beam is detected, and

2JoB;B:Gs [*
J—— /0 o cosLnt (2miy/1)]
Xexp(—/a?)dv, (A6)

when the scattered beam is detected. In the above, I,
is the distance from the beam chopper to the detector,
I, is the distance from the electron scattering gun to the
detector, » is the modulation frequency, ¢; and ¢, are
the arbitrary phase angles which depend upon the set-
ting of a phase-shift control in the electronics, and G;
and G, are determined by the gain control on the
electronics.
Equation (AS) can be written as

2J 0BG
],'= [Iz(xg) COS¢2— Kz(xz) sin¢2:| (A7)
4
and Eq. (A6) can be written as
2J oB:BG,
]s=-———2——[11(x1) cosp1—K1(x1) sing1], (AS8)
o
where
In(xa)= / y™ cos(xa/y) exp(—s?)dy,  (A9)
and ’

Ko(w)= f 3 sin(ea/3) exp(—y2)dy. (A10)

Here x.=2mvl,/a, and the index 7 takes on the values 1
and 2. The general problem of velocity dispersion of
square-modulated beams has been discussed by Harri-
son, Hummer and Fite.'® They have evaluated and
tabulated the integrals (A9) and (A10) for 2<#<5
and 0<x<20. The values of the integrals I;(x) and
Ki(x) were calculated in the present work using the
recursion relations

1
In—l(x) = ;[(""‘ DK (x)— 2Kn+2(x)]

and

1
Kni() =;[21 nt2(%) — (n+1)Ia(x)],

and the values Is(x), I4(x), Ka(x), and Ki(x) of
Harrison et al.

18 H. Harrison, D. G. Hummer, and W. L. Fite, Boeing Scientific
Laboratories Flight Sciences Laboratory, Technical Memorandum
No. 26, 1964 (unpublished).
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TasiE II. Apparatus parameters.

aq (most probable oven velocity of atomic oxygen,
T=450°K)=6.85X10* cm/sec

aym (most probable oven velocity of molecular oxygen,
T=450°K)=4.84X10* cm/sec

5, (distance from scattering region to detector) =104.0 cm

I (distance from mechanical chopper to detector)=358.5 cm

v (electron and mechanical chopping frequency) =50 cps

In the experiment described here, full-beam and
scattering signals were obtained with the discharge on
for both mass 32 and mass 16. The mass-32 signals were
due only to the molecular oxygen in the beam. There-
fore, Egs. (A7) and (A8) can be used without modifica-
tion to obtain the molecular-oxygen cross section. Let
Jn equal the molecular component of the full-beam
intensity, and let I,, and S, equal the normalized mass-
32 full-beam and scattering signals, respectively, at the
output of the phase-sensitive detection system. Then
Egs. (A7) and (A8) for the mass-32 signals are

2] mBms' .
Im = [Iz (xm) COSd)z— Kg(xgm) Slnd)z_—_l y (All)
Um
and
2] nBniBme ,
Sm= ——-2—“——[11(901",) cos¢1—K1(x1m) sm¢1] . (A12)
Qm
Solving these equations for Bn. gives
amSul I 2(%2m) cospe— Kao(x2m) Sing
. r 2(%2 2 2(%2 2]. (A13)
In LI 1(#1m) cosp1— K 1(%1m) singy

The adjustable phase angles ¢» and ¢; were set to
maximize the signals I,, and S,. This is equivalent to
setting 8/,,/3¢=0, and 8S,,/d¢=0. Therefore,

¢o=—tan [ Ko(xom)/I2(¥2m) ], (A14)
and b
¢1= —tan‘l[Kl(xlm)/Il(xlm)]. (AIS)

TasLE III. Calculated values of I,(x), Ka(x), and ¢n.

L) K@) D) K@) ¢
X2=027 041574 0.12607  ¢p=—23.5°
Xom=038 .. .-+ 039220 0.17159
X1.=048 0.33906 0.26361 cee p=—52°
Xim=0.68 0.24774 0.31685

154

The mass-16 signals were due to both atomic oxygen
in the beam and dissociative ionization of the molecu-
lar oxygen in the beam by the detector electron gun.
Let J, be the atomic component of the full-beam in-
tensity, and let I, and S, equal the normalized mass-16
full-beam and scattering signals, respectively, at the
output of the phase-sensitive detection system. Then,
if Bgi/vis the probability that an oxygen molecule with
velocity v undergoes dissociative ionization and is
detected, Egs. (A7) and (A8) for the mass-16 signals
are

ZJaBM' ZJdez'

I,=

[T2(x20) cospa— K 2(24) singa |+

Qg am

X[ 2(xam) cospa— K o(xam) sings ],

Al6
and (A16)

ZjaBu'iBas
Sa= ——2‘[11(961,1) cos¢1—K1(x1a) Sil’qul]

Ol

2JdeiBms
+'——‘2—[11(x1m) cos¢1—K1(x1m) sin¢>1:|. (A17)

Om

Since I,, and I, were measured with the same phase
setting, and S,, and .S, were also measured with the
same phase setting, the phase angles ¢; and ¢, in the
above expressions for I, and S, are those given by Egs.
(A14) and (A15). Substitution of Eqgs. (A11) and (A12)
into Egs. (A16) and (A17) and solving for B,, gives

Sa'—.R-Sm
Bas =Ola|:'—_"~"]
I,—RI,
[I 2(%24) cospo— K o(x2,) sings
I1(%1a) cos1—K1(214) sing;

] , (A18)

where R= B,;/B.; is the ratio of the mass-16 full-beam
signal to the mass-32 full-beam signal with the discharge
off. The appropriaté parameters of the present experi-
ment are given in Table II, while the calculated values
of I,(x), K.(x) and ¢, are given in Table III. Using
these quantities in Eqs. (A4), (A13), and (A18), we get

Qm=1.064(heanSn/il ) (A19)
and
heaa Sa— RS
Qs=1.026 [—-——] (A20)
i LI.—RI,



