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Absolute Measurements of Total Cross Sections for the Scattering of
Low-Energy Electrons by Atomic and Molecular Oxygen* )
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(Received 20 September 1966)

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 0, and from about 18.5' at 1 eV to
11.4' at 12 eV for 02. Our absolute values for O~ between 0.5 and 11.3 eV are between 10/~ and 20'P(I higher
than those of Bruche, while the shape of the curve agrees well. The atomic cross sections vary from about
5.3 A' at 0.5 eV to 83 Jts at 11.3 eV, with an estimated error of 20%, except for the 0.5-eV point, which has
an error of 30%. 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 Geld 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, ' 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. OfBce of Naval Research, and the Defense
Atomic Support Agency, through the U. S. Army Research OfBce,
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
reqgir»ements 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.

t 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 0 was first developed in this paper, as a
by-product of the calculation of the photodetachment cross section
of 0 . The eBective-range formula employed is inappropriate for
the low-energy electron-atom problem, however. See Ref. 2 for a
discussion of this point.' J. W. Cooper and J. B.Martin, Phys. Rev. 126, 1462 (1962).' K. 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 cutoR parameter which yields the correct
negative-ion binding energy. "One difhculty 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' 6rst employed the method of polarized orbi-
tals for atomic oxygen. Since this is a calculation made
from 6rst principles, it should be expected to be more

"Recently, V. P. Myerscough has also made a static central
Geld 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)g.

4 A. Temkin, Phys. Rev. 107, 1004 (1957).A general scheme for
the ab Asitio calculation of elastic scattering by many-electron
atoms has been outlined by Bauer and Browne PE. Bauer and
H. N. Browne, in Proceedings of tke Third Internationa/ Conference
on Physics of E/ectronic and Atomic Collisions (North-Holland
Publishing Company, Amsterdam, 1963)j, with results given for
O.&However, details of this calculation have not been published.

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

accurate than potential scattering theory. Of course,
such a calculation for atomic oxygen is quite dificult.
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 a/. ' 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 02 data of
Briiche. 6

The present experiment employs the atomic-beam
recoil method. ~ 8 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 02
which are larger in the energy range above 6 eV than
those of Neynaber et ul. ,

' 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 I'ig. 1.The rectangular atomic oxygen

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

s E. Briiche, Ann. Physik 83, 1065 (1927).
r K. Rnbin, J. Perel, and B. Bederson, Phys. Rev. 117, 151

(1960).
II 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 electively 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

Q =1.064(hen /i)(S/I), (1)

where h 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, n is the most probable velocity in the source, and
5/I is the ratio of the measured scattering signal to the
total beam signal (I is measured using the mechanical
chopper). In Kq. (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 fIux 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. fA slightly different numerical coeKcient than
that of Eq. (1) results if the discharge is off.j Unfor-
tunately, approximately 40% of the mass-16 peak with
this discharge operating is produced by dissociative

II R, . %eisa, Rev. Sci. Instr. 32, 397 (1961).
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ionization of 02.' Thus the molecular contribution at
the mass-16 position must be subtracted from the total
signal to obtain the atomic cross sections. Let E. 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., E is the production efficiency of 0+ from 0&,
relative to that of 02+. It is also shown in the Appendix
that the atomic cross section Q. is now given by

1.025hen. Si—RSs)

i Ii RIs)—
(2)

IG. APPARATUS

The beam system consists of four adjoining vacuum
chambers, separately pumped. These are, Grst, 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 Gnally 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 6&10 '
Torr in the source chamber, 4X10 ' Torr in the dif-
ferential pumping chamber, 1.5&10 7 Torr in the
scattering chamber, and 3)&10 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

' See, for example, D. Rapp and P. Englander-GoMen, 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 0+ fragments despite their
average kinetic energy of several volts.

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

The cross sections as determined from Eqs. (1) and
(2) are absolute, in the sense that all quantities are
either directly measured (i.e., R, S, I, and i), or are
known with reasonable precision (i.e., lt, n, and the
beam-straggling corrections). On the other hand, the
reluts'se cross section Q,/Q can be obtained by taking
the ratio of Eqs. (1) and (2),

(I2S1/I 1Ss) R(I /F 1)
Q./Q-=1362 (3)

1—R

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 0 and 02. Thus, systematic errors
are largely eliminated, and it is expected that the error
in the ratio Q /Q will be somewhat smaller than those
of the absolute values.

of 10 cm. Molecular oxygen is mixed. with approximately
35% hydrogen to promote dissociation and, typically,
25% 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 a/. , it does not
appear likely that a significant fraction of excited-state
atomic or molecular species reached the interaction
region. "This was confirmed for 02 by the fact that there
was no significant difference in the measured Og cross
sections with and without the discharge operating.
Recently, Brink" has been unable to observe any
metastable 'S or 'D 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
Range. It produces a uniform electron beam 0.125 in.
X1.500 in. in cross section. Two Alnico bar magnets,
positioned outside the vacuum envelope, produce a
reasonably uniform magnetic Geld of about 1000 6,
along the electron path.

Retarding potentia1 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 eGects 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

"See, for example, J. W. Linnett and D. G. H. Marsden,
Proc. Roy. Soc. (London) A234, 489 (1956)."G. Brink (private communication). However, he has recently
observed excited states of both 0 and 0~, using a high-power
(~50-W) microwave discharge LCornell Aeronautical Laboratory
Report No. RM-2156-P-1, 1966 (unpublished)g.' W. Aberth, Rev. Sci. Instr. 34, 928 (1963). Also, W. Aberth,
G. Sunshine, and B.Bederson, in Proceediwgs of Third INterrtatiomal
Comferelce ort the Physics of Electromic and Atomic Collisiols
(North-Holland Publishing Company, Amsterdam, 1963), p. 53.
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TAnLE I. Molecular (Q ) and atomic (Q,) total scattering
cross-section data for oxygen.

Electron energy
(eV)

11.3
10.8
10.25
9.75
9.25
8.75
8.2
7.7
7.2
6.7
6.2
5.7
5.15
4.65
4.1
3.6
3.05
2.5
2.0
1.5
1.0
0.5

0
(10-~s cms)

11.4
11.0
10.5
10.7
10.7
11.6
9.9

10.5
9.1
9.5
9.1
9.4
7.9
9.1
8.2
8.5
7.5
8.4
7.5
7.3
6.4
6.0

Q.
(10-is cms)

7.3
8.2
9.5
8.6
8.2

10.1
9.4
8.9
9.1
8.7
6.9
63
8.6
6.3
7.6
8.3
6.3
7.9
5.3
6.7
5.2
5.7

0.64
0.72
0.84
0.77
0.75
0.95
0.92
0.81
0.97
0.97
0.81
0.77
1.09
0.80
0.97
1.06
0.81
1.04
0.71
0.93
0.77
0.98

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. )&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

scattering signal. The dc output of the lock-in was then
fed to a voltage-to-frequency converter and then to a
sealer-timer for integration.

Angular Resolution

The angular resolving power, referred to the atomic
beam, can be estimated by using the so-called "50'%%uo

criterion, " i.e., the atomic angular resolution; Pp is
defined as being that angle for which 50% of all scat-
tering events are observable by the atom-beam de-
tector."To estimate this quantity we erst assume a
rectangular beam of in6nite height and effective half-
width b=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 pp=lpp/b, where l is the distance from the scattering
region to the detector, is then calculated using Eq. (3a)
of Ref. 14 to be ps=1.57. Since i=42.1 in. , Pp 10 ' rad.
The resolution is not significantly altered by taking into
account the 6nite beam height, since the ratio of
beam height to width is greater than 10. Trans-
forming to the electron polar scattering angle, one finds
Hp(V)=(23IVPp/ms)'i', where ms and MV are the
initial electron and atom momenta, respectively, and we
have assumed mv«Mt/'. It is this assumption which
makes Pp 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. YVe obtain an effective resolution by averaging
over the velocity distribution of the atom beam to
obtain (Hp) = (32Mk T/~rN s )'i4P p'i' Using this formula,
we calculate the effective angular resolution for atomic
oxygen to range from 15.6' at 1 eV to 9.6' at12 eV, and

'4 P. Kusch, J. Chem. Phys. 40, 1 (1964).
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helicity effect of the'magnetic field, and to rejections 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 18%,
and we therefore claim a total error of 20% for the
absolute data, with the exception of the 0.5-eV point,
for which the error is 30%. The error in the ratio data
is 13%, arising from the random errors of 8% and 10%
in the molecular and atomic data, respectively.

V. DISCUSSION OF RESULTS

The proper method of comparison of our measure-
ments with those of Xeynaber et al. ' is by means of the
ratios Q,/Q, since the latter group performed relative
measurements normalized to Bruche's molecular curve
at each energy. Our molecular cross sections are some-
what higher than those of Bruche, so that a direct

IO0- p
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FIG. 5. Total cross sections for scattering of electrons by 0 and
02 in the energy range i2—100 eV. The solid curve represents the
Os 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 shouM 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 0 and
O~ in this range of scattering angles could account for
the discrepancy.

The systematic difference between our 02 measure-
ments and those of Bruche 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 20%.'"

Our atomic data are compared in Fig. 3 with the total
elastic cross-section calculations of Cooper and Martin, '
Robinson and Geltman, ' and Temkin. 4 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 our data points. The difference here could readily

"Some of the difhculties in absolute cross-section determina-
tions are discussed in a critical review of ionization cross sections
by Kietfer and Dunn LL. J. Kieffer and G. H. Dunn, Rev. Mod.
Phys. 58, 1 (1966)g, 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 erst principles,
on the other hand, is therefore seen to be extremely
good in the "low-" energy domain.

system is

2JpB;G;
e' cos[Q,+ (2~vip/e)]

Xexp( —2/o. ')d~, (A5)

when the full beam is detected, and
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APPENDIX

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

J (v) = (2Jew'/o. 4) exp( —u'/ns),

where Js is the full beam intensity and n—= (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

2JpB;&.G,

Q

u cos[gy+ (2n vip/0)]
p

X exp( —s'/n')ds, (A6)

when the scattered beam is detected. In the above, l2
is the distance from the beam chopper to the detector,
l& is the distance from the electron scattering gun to the
detector, v is the modulation frequency, pq and @s 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

2JpB,G;J;= [Is(xs) costs —Es(xs) smuts] (A7)

and Eq. (A6) can be written as

2JpB;B,G,
[Il(xl) costi —&i(xi) sing&], (AS)

J,(v) = (2JsB,s'/n4) exp( —us/n'), (A2)
and

I„(x„)=— y" cos(x /y) exp( —y')dy,
0

(A9)

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

J,(u) = (2JpB B ~/n4) exp( v'/o. '), — (A3)

where (B,/s) 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 i/e is the electron-scattering current in electrons
per second and h 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 i/e to travel the distance
/ from the modulation region to the detector, it is seen
that the output signal of the phase-sensitive detection

K.(x„)—= y" sin(x /y) exp( —y')dy. (A10)

Here x„—=2~vi /n, and the index e 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 I'ite." 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
E~(x) were calculated in the present work using the
recursion relations

I„g(x)=-[(m+1)K.(x)—2X„+s(x)]

1
E„g(x)=-[2I„+,(x)—(m+1)I„(x)],

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

and the values Is(x), I4(x), Es(x), and Ã4(x) of
Harrison et al.
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TABLE II. Apparatus parameters.

o,, (most probable oven velocity of atomic oxygen,
T =450'K) =6.85 X104 cm/sec

n (most probable oven velocity of molecular oxygen,
T=450'K) =4.84 X 104 cm/sec

l~ (distance from scattering region to detector) = 104.0 cm
ls (distance from mechanical chopper to detector) =58.5 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, Eqs. (A7) and (AS) can be used without modilca-
tion to obtain the molecular-oxygen cross section. Let
J 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
Eqs. (A7) and (AS) for the mass-32 signals are

2J 8;
I~= Ps (xs~) costs —Es (xs~) sings], (A11)

and

Solving these equations for 8, gives

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 Bs;/tt is the probability that an oxygen molecule with
velocity v undergoes dissociative ionization and is
detected, Eqs. (A7) and (AS) for the mass-16 signals
are

2J,B„ 2J 8
ps(xs~) costs —Es(xs,) sings]+

and
Xps(xstn) cosmos Es(xsy.) sing, ], (A16)

2J 8;8„
pt(xt. ) costi —Et(xt.)»nest]

2

2J BgB,
+ pt(xi~) costi —Et(xr ) sin/i]. (A17)

&m2

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 Ps and Pt in the
above expressions for I, and S~ are those given by Eqs.
(A14) and (A15). Substitution of Eqs. (A11) and (A12)
into Eqs. (A16) and (A17) and solving for B„gives

Is(xs ) costs Its(xs )»nps

I„ It(xi~)

cosset

E t(xi'„) sinPi-
(A 13) S —RS-

~ea =a
I,—EI

The adjustable phase angles Ps and Pt were set to
maximize the signals I and S . This is equivalent to
setting BI„/8/=0, and r)5 /8/=0 Therefore, .

Is(xs ) cosmos Es(xs ) sings

Il(xle) coskl +1(xi') sin/i
(A1S)

Ps ———tan 'LE's(xs )/Is(xs )],

y, = —tan-'I:Zr(»-)/I, (x,„)].
(A14)

(A15)

I&(x) Eg(x) Is(x) Es(x)

Xg =0.27
Xg~=0.38
X1 =0.48
X)~=0.68

~ ~ ~ ~ ~ ~

0.33906 0.26861
0.24774 0.31685

0.41574 0.12607 @2=—23.5'
0.39220 0.17159

@1= —52'

TanLE III. Calculated values of I„(x),Z„(x), and p .

heep, S,—E$-
Q =1.026

i ' I,—RI
(A20)

where E=Bs;/B„, is the ratio of the mass-16 full-beam
signal to the mass-32 full-beam signal with the discharge
o8. The appropriate parameters of the present experi-
ment are given in Table II, while the calculated values
of I„(x), K„(x) and P are given in Table III. Using
these quantities in Eqs. (A4), (A13), and (A1S), we get

Q„=1.064(hen~„/iI ) (A19)
and


