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The Microwave Absorption Spectrum of Oxygen*

M. W. P. STRANDBERG, C. Y.

MENG,** AND J. G. INGERSOLL

Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachuseits
(Received January 31, 1949)

Measurements of the absorption of 5-mm radiation in oxygen gas have been made. The experi-
mentally observed magnitude and shape of the absorption may be satisfactorily compared with the
theoretical curves of Van Vleck for an assumed line breadth A»=0.015 to 0.02 cm™. Observations of
the absorption in mixtures of oxygen and nitrogen indicate a disparity of Op and N collision cross
sections. It is suggested that nitrogen causes an anomalous narrowing of the oxygen absorption line

breadth.

INTRODUCTION -

HE existence of an absorption band in the

millimeter region resulting from molecular
oxygen has been predicted and discussed at some
length by Van Vleck.! Measurements made by
Beringer® have given a preliminary confirmation of
the existence of this absorption band, as have those
of Lamont.* A more detailed investigation of the
absorption of 5-mm radiation by oxygen will be
reported here.

As Van Vleck has pointed out, the oxygen
molecule is a *Z ground state, since it has one unit of
spin angular momentum. As a consequence of this
resultant spin, it has a magnetic moment equal to
two Bohr magnetons. This permanent magnetic
moment is the cause of the paramagnetism ob-
served in oxygen, and it also allows the molecule
to couple to the magnetic field of an electromag-
netic wave. The unit of spin angular momentum
perturbs the rotational state since it is coupled to
the rotational motion of the molecule. The unit
electron spin has three spatial orientations with
respect to the given molecular rotational angular
momentum vector, K, so that each rotational level
is split into three states, J=K+1, K, and K —1,
each J state of this so-called p-type triplet arising
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F16. 1. Block diagram of absorption measurement apparatus.
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from a different orientation of the spin with respect
to the rotational motion of the molecule. The energy
difference between successive J terms in any of
these triplets is about 2 cm™ (with the single
exception of J=0—1 difference which is about 4
cm™Y). Selection rules for magnetic dipole transi-
tions allow induced transitions between these suc-
cessive members of the triplet (AJ=41) so that
for each value of the rotational angular momentum
quantum number K there are two absorption fre-
quencies in the 2-cm™! region. The population of
the various rotational levels follows Boltzmann sta-
tistics, and it may be shown that the most popu-
lated state at room temperatures is that one for
which K =13. States with K==25 still have sig-
nificant populations however. The O nucleus has
zero nuclear spin angular momentum, so that sym-
metry considerations demand that K have only odd
values. Thus, with two absorption lines for each
value of K, there are about 25 lines which overlap
at atmospheric pressure and which contribute sig-
nificantly to the absorption in the 2-cm™! region.
Van Vleck! has calculated the shape and magnitude
of the absorption for various values of the line-
broadening parameter Av. The theory uses the
values of the triplet spacings as determined from
optical spectroscopy and is totally determined
except for line-broadening or line-breadth param-
eter Av. The intensity is not sensitive to the
assumed triplet spacings but it is a strong function
of the line breadth Av. For this reason, previous
measurements®? have obtained the magnitude of
the absorption at a few scattered points and have
inferred the line breadth Av from this intensity.
The measurements below are an extension of
previous measurements in that the theory is essen-
tially checked by comparing both the intensity
and structure of the measured and computed ab-
sorption.

APPARATUS

A balanced microwave bridge was used to
measure the absorption. Five-mm power was ob-
tained from the second harmonic generated in a
non-linear silicon crystal driven by a 1-cm reflex
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klystron oscillator. A block diagram of the ap-
paratus is shown in Fig. 1. The 5-mm radiation
was then divided between two nearly identical
wave guides and recombined in a bridge T-junction.
One output arm of the T fed a matched load and
the other fed a harmonic converter. The converter
mixed the incoming S5-mm radiation with the
second harmonic of another 1-cm local oscillator,
and the heterodyne signal current was fed to a
24-Mc/sec. amplifier. Provisions were made for
inserting a step-attenuator pad in the amplifier
cascade after three stages of amplification.

Both the signal oscillator and local oscillator were
frequency-stabilized to a high mode of a 3-cm
cavity using a Pound?! and, later, a Zaffarano®
circuit. The frequency of the signal-generator fun-
damental was measured with the M.L.T. frequency
standard.® The signal-generator fundamental was
amplitude-modulated with a rotating attenuator
at 30 cycles/sec. The detected output from the
receiver could then be filtered for the 30-cycle
modulations. This modulation was amplified and
converted to d.c. with a phase detector. The signal
was read on a milliammeter and the 30-cycle
modulation merely provided a convenient moni-
toring current to amplify after filtering.

In operation, the sample arm of the bridge was
filled with tank oxygen at 80 cm Hg, and the
bridge balanced for no receiver output by means
of the r-f phase shifter and attenuator in the
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. F1G. 2a. Experimental data for absorption vs. frequency,
in pure oxygen at 80 cm Hg, plotted with a computed curve
for Av=0.05 cm™ and 0.02 cm™.
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. F16. 2b. Experimental data for absorption ws. frequency,
in pure oxygen at 80 cm Hg, plotted with a computed curve
for Av=0.015 cm™.

sample arm. The sample was then pumped out and
the bridge rebalanced as well as possible by slowly
admitting tank argon into the sample arm to an
appropriate pressure. The final minimum was
achieved with readjustment of the r-f phase shifter.
The use of argon for rebalancing allowed the bridge
to work under constant impedance conditions. This
procedure proved necessary for accuracy. Argon
was chosen because its dielectric constant is similar
to that of oxygen. Since argon is monatomic, it has
no absorption in the region of these measurements.
Check measurements on nitrogen using argon as a
balancing agent disclosed no absorption greater
than 1 db/km. The minimum signal current was
noted and the phase shifter was readjusted to give
a maximum output; the 24-Mc/sec. step attenuator
was then introduced, and the -current-output
reading was made as nearly equal to that observed
at minimum balance as was possible. The attenu-
ator had a minimum change of 1 db and the readings
were taken to 0.5 db by interpolation. The attenu-
ator reading then gave the value of the maximum-
to-minimum power ratio as:

db=10 log(Pmux/Pmin)-

It can be shown that the attenuation in the gas
may be calculated as:

AP/P=4a}/(1+a7})?,

where AP =power absorbed, P =incident power on
sample, =P/ Puin.

The path length was 6.15 m and, when correction
has been made for changing from a guided path to
a free-space path, the attenuation vy in db/km is
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given as:

v=—10(No/IN,) log(1—AP/P) db/km,
A\, =guide wave-length,
Mo =free-space wave-length,
l=absorption-path length in kilometers.

A stable balance with a Px/Pnin of 60 db could
be readily obtained; this is the balance required to
read to 2.5 db/km. The attenuator was correct to
#+1 db in magnitude and relative readings were
good to the setting accuracy of +0.5 db. Stated
otherwise, the data are good to =10 percent in
absolute value and to less than =+5 percent in
relative value. Several readings were made at each
frequency and the frequency intervals were about
0.003 cm~'. Readings at about 100 different fre-
quency settings with oxygen at 80-cm Hg pressure,
were used to compile the final results. Readings were
also made at some frequencies for oxygen-nitrogen
mixtures.

ABSORPTION OF PURE OXYGEN

The data obtained for pure oxygen at 80-cm Hg
pressure are shown plotted in Fig. 2(a), together
with two curves of predicted absorption at 80-cm
Hg pressure for line breadths Ay=0.02 cm™! and
0.05 cm™. The curve for Av=0.02 cm™! is derived
from that of Lamont® which was computed using
the new Babcock evaluation of the triplet energy
differences. It is in slightly better agreement with
the experimental data than the curve of Van Vleck
for which the older values of Dieke and Babcock
were used. The curve of absorption for Av=0.05
cm™! at 80-cm Hg pressure is derived from that of
Van Vleck.!

A line breadth of 0.05 cm™! is obviously too high.
The curves match rather well for a line breadth of
0.02 cm™, although the experimental absorption is
about 20 percent low. Figure 2(b) shows the
plotted experimental data, together with a com-
puted curve for Av=0.015 cm™.. The structure of
these two curves registers rather well. The magnitude
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F1G. 3. Curves of absorption in oxygen nitrogen mixtures vs.
oxygen partial pressure taken at various frequencies.
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of the measured absorption is low, in this case by
about 35 percent. The discrepancy in magnitude
is not unreasonable. In a similar case, the observed
absorption in HyO at 0.74 cm™! is 10 to 20 percent
below the theoretical value, depending upon the
value of the electric dipole moment used.”? So it
may be said that, assuming a line breadth of 0.015
cm™!, there is a satisfactory agreement between
theoretical and experimental values of the 2 cm™!
absorption in O, at 80 cm Hg and 283°K.

It may be noted that the line breadth predicted
from the collision cross section given by kinetic
theory is about 0.04 cm~. There is a certain
amount of difficulty in justifying a line breadth
smaller than that given by the mean free time. For
simple microwave spectra, it has been generally
found that the observed line breadths are greater
than those predicted by the mean free time because
of dipole-dipole perturbations. In the absence of
large dipole interactions, line breadths narrower
than those computed from kinetic theory are pos-
sible if all collisions are not effective in inter-
rupting the absorption processes. Since the molecu-
lar translational energy follows a Boltzmann dis-
tribution from energy considerations some col-
lisions are conceivably ineffective, hence a narrower
line breadth. This point should undoubtedly be
further investigated theoretically.

OXYGEN NITROGEN MIXTURE

Measurements were also made of the absorption
in oxygen diluted with nitrogen. This was done to
determine the scaling factor needed to reduce the
measurements on pure oxygen to their air equiva-
lent (21 percent O, 79 percent N,). We had
expected to find a simple linear relationship between
pure and dilute oxygen absorption. Since O, and
N, collision cross sections should be nearly the
same, the line breadth should remain essentially
constant with a constant total pressure. The reduc-
tion in absorption would then vary proportionally
to the number of absorbing oxygen molecules.

Absorption in oxygen nitrogen mixtures was
measured in the fashion described above for pure
oxygen. The total pressure of the mixture was held
constant at 80 cm Hg and the partial pressure of
oxygen was varied between 5 and 80 cm Hg. The
relationship between absorption and oxygen partial
pressure proved to be complex. Several curves of
absorption versus oxygen partial pressure taken at
different frequencies are shown in Fig. 3. The
behavior of the absorption with varying oxygen
content is difficult to justify with any simple picture
of the absorption process.

In Van Vleck’s notation, the data of Fig. 3 were

7 J. H. Van Vleck, Phys. Rev. 71, 425 (1947).

8 M. W. P. Strandberg, R.L.E. Report No. 85, Sept. 25,
1948.
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taken for the region between the K_=9, K,=3
and the K_=7, K, =5 transitions. Since the charac-
teristic line breadth is the only factor undetermined
in the Van Vleck-Weisskopf theory, there remains
only the possibility of variation of this parameter
with nitrogen dilution. If the line breadth were to
increase with increasing dilution, the curves of Fig.
3 would have the opposite curvature, i.e., a curva-
ture away from the axis of partial pressure. If the
line breadth were to decrease with increasing
oxygen dilution (a situation which might be ac-
counted for by a decrease in dipole-dipole inter-
action), the curvature toward the partial-pressure
axis would possibly not be so great as that observed.
The interval 1.950 cm™! to 1.976 cm™! is 0.026 cm™!
wide and a decrease in line breadth much below
0.015 cm™! would tend to decrease the absorption
in the least resonance region of 1.963 cm™!. How-
ever, the K_=7 line (1.976 cm™) and the K, =3
line (1.950 cm™!) may be closer together than we
have assumed from Babcock’s analysis; or the line
breadth for those two lines may be different from
the average line breadth of 0.015 cm~. A variation
of line breadth with rotational energy state is
certainly understandable; the possibility of such a
phenomenon has been pointed out by Van Vleck
and Weisskopf,? and has been demonstrated experi-
mentally in the case of ammonia by Bleaney and
Penrose.!® It should be noted that the case of
ammonia is unusual, since there are large diagonal
dipole matrix elements which presumably make the
line breadth a function of the rotational state.
Similar elements for oxygen should be too small to
consider by virtue of the hundredfold-smaller mag-
netic dipole moment of oxygen.

It can be readily seen from Fig. 3 that dilute
oxygen (~25 percent O;) does behave like an ab-
sorbing gas with constant line breadth, since the
absorption becomes proportional to the oxygen
partial pressure. In highly diluted oxygen, the col-
lisions which interrupt the radiation process are
predominantly those between oxygen and nitrogen
molecules; so that if the anomalous behavior of the
absorption in O,—N, mixtures containing a high
percentage of O, is, in fact, caused by a line
narrowing phenomenon, one would be led to believe
that the characteristic line breadth for oxygen
absorption is smaller in the case where nitrogen is
the interrupting agent than it is in pure oxygen.
The difference in the line breadths might be a
factor of four, but this is only a guess.

A conclusive check on the experiments would be
that obtained from a comparison of the integrated
absorption for various concentrations of oxygen.

2 J. H. Van Vleck and V. F. Weisskopf, Rev. Mod. Phys.
17, 227 (1945).

10 B, Bleaney and R. P. Penrose, Phys. Soc. Proc. 59, 418
(1947); 60, 540 (1948)
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The integrated absorption is independent of the
line breadth and must be a linear function of the
number of absorbing molecules. It would seem dif-
ficult to fulfill such a requirement with data such
as are given in Fig. 3. However, it must be re-
membered that the integrated intensity may still
be decreasing as a result of decreasing skirt absorp-
tion. In short, we have too little data for mixtures
of oxygen and nitrogen to be able to apply the
criterion of appropriate variation of the integrated
intensity. Measurements of this type are sufficiently
tedious to discourage us from carrying them out
and, furthermore, observations on individual lines
at low pressures seem to be more useful in de-
veloping a model for the processes taking place.

It has been pointed out above that the line
breadth, Av=20.015 cm™!, is less than the kinetic-
theory value of 0.04 cm~.. Any further narrowing
caused by a preponderance of O;—N, collisions,
though certainly possible, is hard to visualize in
any simple fashion.

It should also be noted that Bleaney and
Penrose,!® found anomalous values for the collision
cross sections, or line widths, in ammonia nitrogen
mixtures. The supposedly similar cross sections for
ammonia argon and ammonia oxygen collisions
determined from the line breadths are smaller by a
factor of two. This large discrepancy worried these
experimenters enough to cause them to remeasure
the ammonia nitrogen value, but they found no
error and let the matter stand. Unfortunately,
these experiments are of little value here, since the
effect Bleaney and Penrose observe is in the wrong
direction (i.e., they observe nitrogen broadening)
and the collision cross sections are for interaction
with ammonia. The point remains that in two cases,
those of oxygen and ammonia, dilution of an ab-
sorbing gas with nitrogen has indicated an anoma-
lous behavior of the nitrogen molecules.

Briefly it may be said that measurements made
on pure oxygen cannot be reduced to atmospheric
absorption by a simple multiplication with the
fraction representing the number of oxygen mole-
cules present. The variation of the absorption in
oxygen-nitrogen mixtures is not readily under-
standable. At low oxygen concentration, the ab-
sorption does vary proportionally to the partial
pressure of oxygen, as might be expected. On the
other hand, in mixtures with a high percentage of
oxygen, the absorption becomes almost independent
of the partial pressures of the oxygen over a region
several line breadths wide. Qualitatively, this inde-
pendence of absorption on the concentration of
oxygen might be due to a variation arising from a
difference between O;—0, and N.—O; collisions,
but the phenomenon cannot be quantitatively ex-
plained on the basis of available data. Further, the
measurements presented here are not in good agree-
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ment with previously published experimental data.
Beringer? found that the absorption in oxygen-
nitrogen mixtures is proportional to the oxygen
partial pressure. Lamont® measured directly the
absorption in the atmosphere and found it to be
about 15 db/km. On the basis of our experiments,
we would predict the absorption resulting from
oxygen in the atmosphere to be about 30 to 40
db/km.

A good deal of work remains to be done. Studies
of the absorption in pure oxygen at low pressures
should be carried out to determine the exact transi-
tion frequencies, any shift of frequency with
pressure, any dependence of the line breadth upon

SCHERB,
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rotational state, and any anomalous dependence of
the line breadth on pressure. We intend to carry on
further researches along these lines in this labora-
tory. The data given above from an incomplete
study of the absorption phenomena in oxygen and
are presented at this time so that the material
already at hand might be made available without
further delay to those interested in the problem.
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The 12-hour Ge” was found to emit beta-rays of energy 1.74 Mev and y-rays of 0.5 Mev. Beta-
gamma-coincidences were measured in the 12-hour period. The 40-hour positron emitter is not
formed by slow neutrons on germanium. The 11-day Ge™ decays with the emission of the x-rays of
gallium following orbital electron capture. Previously obtained absorption curves have given evidence

of emission of charged particles by the 11-day period. This misinterpretation is discussed.

See note added in proof.

INTRODUCTION

HE measurements of this paper were accu-

mulated during 1948 and the early part of
1949 and resulted from the exposure of four different
quantities of GeQO, in the Oak Ridge pile. Two
activities, 12 hours and 11 days, were found in the
germanium fraction, and the 40-hour daughter of
the 12-hour period was found in the arsenic fraction.
Owing to the distance of the laboratory from Oak
Ridge, observations were never begun at a time
less than twenty hours after removal of the irra-
diated material from the pile. The third sample of
GeQ; was irradiated for only twelve hours so as to
enhance the intensity of the shorter germanium
period. The first, second, and fourth samples were
exposed for longer but unspecified periods as indi-
cated by the fact that the 11-day activity was
several times more intense in each case than in the
third sample. Chemical separations were carried

Agé\ssisted by the joint program of the ONR and the
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Sinica, Nanking, China.
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out for the removal of Ni, Fe, Cu, Ag, Na, Ca, and
Ga as possible impurities.

Ge™

The 12-hour Ge’ was found to emit beta-rays
and gamma-rays. An absorption measurement of
the beta-rays carried out within twenty-five hours
after removal of the irradiated material from the
pile is plotted in Fig. 1. The end point occurs at
0.78 g/cm?, 1.74 Mev as calculated by Feather’s
equation.! This value is to be compared with a
K-U extrapolation of cloud-chamber data giving
1.9 Mev,? and an aluminum absorption measure-
ment giving 2.0 Mev.3 The activity of the irradiated
GeO, was followed in a single Geiger counter,
shielded by 0.26 g/cm? of absorber, including wall
thickness of the counter. This absorber thickness
excluded from the counting rate the beta-rays of
the forty-hour As”” which emits no gamma-rays.
The decay curve is shown in Fig. 2 where it is clear

L N. Feather, Proc. Camb. Phil. Soc. 34, 599 (1938).

2 R. Sagane, G. Miyamoto, and M. Ikawa, Phys. Rev. 59,
904 (1941).

3E. P. Steinberg and D. W. Engelkemeir, Plutonium
Project Report, ‘‘ Nuclei formed in fission,” Rev. Mod. Phys.
18, 513 (1946).



