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MEASUREMENT OF THE ATTACHMENT OF SLO%' ELECTRONS IN OXYGEN
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The study of electron attachment in oxygen has
been the subject of numerous investigations, ' '
and is currently of great interest in connection
with upper atmosphere research. In general,
the measurements have been interpreted in terms
of two-body attachment processes for electron
energies ranging from thermal (0.04 ev) to tens
of electron volts. The present measurements
extend drift tube measurements into the thermal
energy range where they are compared with
microwave afterglow results' and give evidence
that at low electron energies (&1 ev) the attach-
ment occurs by a three-body process.

The present method is similar in principle to
that used by Doehring. ' A pulse of electrons is
liberated from a photocathode and drifts in a
uniform electric field to a collector electrode.
A shutter grid' near the collector is used to con-
trol the flow of electrons and ions to the collector.
The time at which the shutter is opened can be
delayed with respect to the electron pulse in or-
der to observe the time dependence of the nega-
tive-ion arrival at the collector.

If the electron attachment probability per unit
drift distance in the field is o., then the decrease
in electron density, g, in the pulse while mov-
ing a distance, dx, in the field direction is dn~
= - npgedg. From this it can be shown that the
arrival of ions at the collector is described by

N; =N;(0) exp(e tv;f),, (1)

where
sory

is the ion drift velocity, determined
from the time required for the ions to cross the
drift space.

In the present experiment, we measure n as a
function of E/p, the ratio of the drift field to gas
pressure. Results obtained in pure oxygen are
shown in Fig. 1. It will be seen that for E/p &3
the quantity a/p depends on E/p alone, while for
E/p & 2, n/p increases linearly with p at each
value of E/p. Results obtained in helium-oxygen
mixtures, which extend to even lower E/p values,
verify this pressure dependence down to near-
thermal energies.

The quantity n is related to the attachment
frequency, v, by v~=o.sv, where so is the
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FIG. 1. Measured attachment coefficients (n/P) as
a function of E/P for pure 02 at 300'K. Drift distances
of 2.5 cm and 10 cm were used.

electron drift velocity. If electrons are lost by
two-body collisions involving an electron and a
neutral molecule (e.g. , dissociative attachment)
and by three-body collisions involving the elec-
tron, the molecule, and another molecule which
stabilizes the reaction, ' we may write for the
time rate of change of electron density

dne/dt = —vie = - (Pn +Kn')ne,

where P is the two-body attachment coefficient,
z is the gas density, and K is the three-body
coefficient.

The data of Fig. 1 are converted to values of
p and K as functions of the average electron en-
ergy by the use of curves of electron drift veloc-
ity and average electron energy' versus E/p.
The results are shown in Figs. 2 and 3. The two-
body coefficient, P, rises rapidly with average
electron energy above -1.3 ev. As has been
shown by Craggs et al. ,"this process is the
dissociative attachment reaction, 0,+e-0+0,
observed in their beam experiments. The agree-
ment concerning magnitude and energy depend-



VOLUME 2) NUMBER 8 P HYSICAI, REVIE%' LETTERS APRIL 15, 1959

I p- IO

O

CJ
O lp II

tP
~ ~

O

IX)
o lp»
I

.O

I—

Pure Oxygen

(Q. T. T. )

rements

-IO x IO-'4
O

ICl 9
Oxygen

5 7 &OO.K
o 7.6tntn Hg.5 — a I0.2mmHg

I S.omm Hg
s 25.0mm Hg.
u 44.0mm Hg- 154.0mmHg

O

~~2—
O

Kl

I- I

O.OI

I I
I

I I I I

Helium-
Oxygen

~ 77 K
a 300'K

O.l 0
Average Electron Energy (ev)

I I
I

I I I I

I.o

FIG. 3. Energy dependence of the three-body attach-
ment coefficient for oxygen at 300'K and 77'K. The
solid points were obtained from measurements of
attachment coefficients in oxygen-helium mixtures
containing 1-5% of oxygen.

IP- 3
0

I I I I

I.p 2.0 3.0
Average Electron Energy (ev)

Q,p

FIG. 2. Energy dependence of the two-body attach-
ment coefficient. The dashed curve was obtained by
averaging the cross sections measured by Craggs,
Thorburn, and Tozer (C.T.T. ) over a Druyvesteyn
electron energy distribution for various average
energies.

ence shown in Fig. 2 between our measurements
(solid line) and an appropriate average over their
data (dashed line) is within the uncertainties in
the energy scale.

The three-body attachment coefficient observed
at low electron energies is shown in Fig. 3.
Earlier investigators appear to have missed this
dependence because of large experimental errors'
or because measurements were only made at a
single pressure. 2 The data of Doehring fall with-
in 20% of our 300'K curves from O.V-1.0 ev.
This three-body pressure dependence was re-
cently independently identified by Hurst and Bort-
ner, "who obtained data in N, -O, mixtures down
to 0.35 ev. Their K values are approximately
10 Q lower than ours over the common energy
range.

The helium-oxygen data" indicate a maximum
in the K value for oxygen at average electron en-
ergies of -0.08 ev for T s =300'K (0.04 ev) and
at -0.1 ev for T~s=VV' (0.01 ev). The "ther-
mal value" (T as = Telectro„=300'K) is approx-
imately K=2 Ex10~' cm'./sec. This value leads
to an attachment rate -1000 times larger than

that deduced from microwave studies of the
oxygen afterglow' made at -10 mm Hg pressure.
The microwave results indicate a two-body
attachment process. It has been suggested that
the low microwave attachment rate is the result
of substantial detachment of electrons during the
afterglow occurring when vibrationally excited
oxygen molecules produced during the micro-
wave discharge strike negative ions." In this
case the final decay of electron density could
occur at the rate of depletion of the vibration-
ally excited neutral molecules, leading to a low
apparent attachment rate and a two-body type
pressure dependence. Recent preliminary micro-
wave afterglow studies'4 aimed at reducing this
effect through the use of helium-oxygen mixtures
yield attachment rates consistent with the drift
tube studies.

A detailed discussion of the experimental re-
sults in terms of possible attachment processes
and available theory' is rather lengthy and is
deferred to a later article.

This work has been supported in part by an Air
Force Special Weapons Center contract.
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The purpose of this note is to point out that
the elastic scattering of deuterons from He4 can
yield a rather large deuteron polarization with
a high cross section. The differential cross sec-
tion in d-He4 elastic scattering has been meas-
ured to 3%1 or better in the region of 1-Mev in-
cident deuteron energy. ' The scattering in this
region is characterized by a resonance at 1.0VO

Mev which corresponds to the formation of the
first excited state of Lio, to which is given the
assignment 8=3+. If one uses the yhase-shift
analysis as calculated from these data assuming
a single resonance level with J=3, L, =2,' then
one can construct the tensor i.nvariants of the
yolarization for the scattered deuteron beam as
a function of energy. ~ This is done by writing
the scattered wave for incident spin projection
m~ in the form

4(~s) =Z, a, 'X~

where X, is an ei.genvector of Sz, and e~ ~

is a coefffcient involving the phase shifts and
spherical harmonics. Here we choose, the z axis
in the incident direction, and the y axis normal
to the scattering plane. Then the density matrix
for the scattered beam is

(ms'Iplsts")=(2s+1) Q a sa s, (2)
fRg

346

normalized such that Trg) =dc/dG =ID. Follow-
ing reference 3, we express the density matrix
in terms of the unit matrix plus five independent
tensor invariants:

~JM JM JM' (3)

where T&M transforms under rotation of the
quantization axis like the spherical harmonic
YM (8,$). The expectation values (T&M) can be
calculated from the general rule

( T~M) =I, ' Tr Q TgM (4)

once the density matrix is known in terms of the
phase shifts.

Figure 1 shows the cross section, I„and Figs.
2 and 3 give the tensor invariants for the scat-
tered wave, with the z axis as chosen above, as
a function of the incident deuteron energy in the
region of the resonance. Coulomb forces are
included in the calculation. The definitions of
the invariants as shown on the figures are the
same as in reference 3. The curves are reli-
able only in the region near the resonance en-
ergy, because the approximation tan Pa' = I'/[2(Ec
-E)] was used for the resonant phase shift
P,'. (T») of course, vanishes because of parity
conservation, and (Sx) vanishes because of the
choice of the y axis. Thus i (T») = (A/2) (S ).


