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Abstract

Measurements of the absorption of 5-mm radlation in oxygen gas have
been made. The experimentally observed magnitude and shape of the absorp-
tion may be satisfactorily compared with the theoretical curves of
Van Vleck for an assumed line breadth Av = 0.01% to 0.02 em~l, Obser-
vations of the absorption in mixtures of oxygen and nltrogen Indlcate a
disparity of 02 and N2 collision cross sections. It is suggested that
nitrogen causes an anomalous narrowing of the oxygen abscrption line
breadth.
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THE MICROWAVE ABSORPTION SPECTRUM OF OXYGEN

Introduction

The exlistence of an absorption band in the millimeter region due to
molecular oxygen has been predicted and discussed at some length by
Van Vleck(l). Measurements made by Beringer(2) have given a preliminary
confirmation of the existence of this gbsorption band, as have those of
Lamont(3), A more detailed investigatlon of the absorption of 5-mm radia-
tion by oxygen will be reported here,

As Van Vleck has polnted out, the oxygen molecule i1s in a 3jiground
state, since 1t has aone unit of spin angular momentum, As a consequence
of this resultant spin, it has a magnetlc moment equal to two Bohr magnetons,
This permanent magnetlc moment is the cause of the paramagnetism observed
in oxygen, and it also allows the molecule to couple to the magnetic fileld
of an electromagnetic 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 spatlal orientstions with
respect to the glven molecular rotational angular momentum vector, K, so
that each rotational level 1s spllt into three states, J= K+ 1, K, and
K-1, each J state of thils so-called p-type triplet arising from a different
orientation of the spin with respect to the rotational motlon of the
molecule, The energy difference between successive J terms in any of these
triplets is about 2 m- (with the single exception of J= 0—1 difference
which is about 4 cm_ ). Selection rules for magnetic dipole transitions
allow induced transitlons between these successive members of the triplet
(a7 = #1) so that for each value of the rotational angular momentum
quantum number XK there are two absorption frequencies 1n the 2 cm- region,
The population of the various rotational levels follows Boltzmann statistics,
and 1t may be shown that the most populated state at room temperatures is
that one for which K = 13, _States with K 25 still have significant
populations however, The 0O nucleus has zero nuclear spin angular momentum,
so that symmetry consideratlions 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 atmospher}i pressure and which contribute significantly to
the absorption in the 2 cm = region, Van Vleck(l) 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 1s totally determined except for
line-broadenling or line-breadth parameter Av, The intensity 1s not sensi-
tive to the sssumed triplet spacings but 1t is a strong function of the line




breadth Av, For this reason, previous measurements(2)(3) have obtained the
magnitude of the absorption at a few scattered points and have inferred the
line breadth &v from this intensity. The measurements below are an exten-

sion of previous measurements in that the theory 1s essentially checked by

comparing both the intensity and structure of the measured and computed

absorption,

Apparatus

A balanced miciowavs bLridge was used to measure the absorption, Five-mm
power was obtained from the second harmonic generated 1n a nonlinear silicon
crystal driven by a l-cm reflex klystron osclllator, A block dlagram of the
apparatus 1s shown 1in Figure 1, The 5-mm radlation was then dilvided
between twc nsarly ldentical waveguldes and recombined in a bridge T-junction,
One output arm of the T fed a matched load and the other fed a harmonlc con-
verter., The converter mixed the incoming 5-mm radiation with the second
harmonic of another l-cm local oscillator, and the heterodyne signal current
was fed to a 24-Mc/sec amplifier, Provisicns were made for ilnserting a step-
attenuater pad in the amplifler cascade after three stages of amplification,
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Flg. 1. Block diagram of absorption-measurement apparatus,

Both the signal cscillator and lccal oscillator were frequency-stabilized
- a blgh mede of a 3-cm cavity using a Pound(k) and, later, a Zafferano(5)
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the M.I.T. frequency standard(6). The signal-generator fundamental was
amplitude-modulated with a rotating attenuator at 30 cycles/sec. The
detected output from the recelver 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 mlilliammeter and the 30-cycle
modulation merely provided a convenlent monitoring current to amplify
after flltering,

In operation. the sample arm of the bridge was fillled 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 sample arm., The sample was
then pumped out and the bridge rebalanced as well as possible by slowly ad-
mlitting tank argon into the sample arm to an appropriate pressure, The
final minimum was achleved with readjustment of the r-f phase shifter., The
use of argon for rebalancing allowed the bridge to work under constant im-
pedance conditlions, This procedure proved necessary for accuracy, Argon
was chosen because 1ts dielectric constant is similar to that of oxygen,
Since argon 1s monatomic, 1t has no absorption in the reglon of these mea-
surements, 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 attenuator had a minimum change of 1 db and the read-
ings were taken to 0.5 db by interpolation. The attenuator reading then
gave the value of the maximum-to-minimum power ratio as:

db = 10 log (Ppax/Pmin) -

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

1

1 -1
AP/P = 4of /(1 + a 2)2

where
AP = power absorbed,
P = incldent power on sample,
= Pmax/Pmin

The path length was 6,15 m and, when correction has been made for
changing from a gulded path to a free-space path, the attenuation v in
dh/kxm is given as:




v = -1o(x0/2>\g) log (1 - aP/P) dbt/¥m,
where

Ao = free-space wavelength,
A_ = gulde wavelength,

? = absorption path length in kilometers,

A stable balance with a Pmax/Pmin of €0 db could be readily obtained; this
is the balance required to read to 2,5 db/km, The attenuator was correct

to +1 db 1in magnitude, and relative readings were good to the setting ac-
curacy of+ 0.5 db., Stated otherwise, the data are good tolX 10 per cent

in absolute value and to less than*5 per cent in relative value, Several
readings were made at each frequency, and the frequency ilntervals vere about
.003 cm-l. Readings at approximately 100 different frequency settings with
oxygen at 80 cm Hg pressure were used to complle the final results, Read-

ings were also made at some frequencles for oxygen-nitrogen mixtures,

Absorption by Pure Oxygen

The data obtained for pure oxygen at 80 cm Hg pressure are shown
plotted in Figure 2 (a), together with two curves of predicted absorption
at 80 cm Hg pressure for line breadths Av = .OQcm"1 and ,05 cm'l. The
curve fcr Av = ,02 cm™! 1s derived from that of Lamont(3) which was comput-
ed using the new Babcock evaluation of the triplet energy difference, It
is 1n slightly better agreement with the experimental data than the curve
of Van Vleck for which the older values of Dleke and Babcock were used,

The curve of absorption for Av = ,05 em™1 at 80 em Hg pressure 1s derived
from that of Van Vleck (1).

A line breadth of ,05 em™1 1s obviously too high, The curves match
rather well for a line breadth of ,02 cm'l, although the experimental ab-
sorption is about 20 per cent low. Figure 2 (b) shows the plotted experil-
mental data, together wlth a computed curve for Av = ,015 cm'l. The struc-
ture of these two curves registers rather well, The magnitude of the mea-
sured absorption 1s low, 1n this case by about 35 per cent, The discrepancy
in magnitude 1s not unreasonable, In a simllar case, the observed absorp-
tion in Hy0 at ,74 cm -1 is 10 to 20 per cent below the theoretical value,
depending upon the value of the electric dipole mement used (7)(8). So it
may be sald that, assuming a line breadth of ,015 cm"1 , there 1s a satis-
factory agreement between theoretical and experimental values of the 2cm_1
absorption 1in O, at 80 em Hg and 293° K,




p-uo mﬁo.naq SV
7-U° 20* pus H..Eo Go* = ay (®)
107 snaand pegndwod v Y3ta pejlord ‘3H wo g 38 uUs3LXO

aand ul ‘Aousnbagy °*sA uotpqdaosqe J0J BB [wBAUsWTIedxHy g °*ITd

0
_w (@ _wo (0)
N.Nd 1"2 (0X4 6l 81 22 12 072 61 81
[T
/ e
i ol . N / ol
HOHY3 | AN 4
31n10S8Y ! . ¥
M \ . 02 uouua PN __ 02
Vi ! ETUR ARV !
1 n { \ | A
M _ \J ﬂ | %
B 1 | A og } I - A o¢
! | /)
f y . \ \
At ot AN < “— \ ot
0 1y i 1
M ! A _\._ ] 1 ﬁ i A E
M g“_\,,s,\____<> s ! _ :._...:‘,:__,Q o
\V vy 1 ( \
h i [
| v 09 | v 09
H0y43 HOoHY3
3AILYI3Y ?b ERARER|
c A )CDC ON- <>1 0L
SININOJWOI
|43 Gl0'= 1V AHOIHL— =WOG0 = (1LV AHO3HL—-—
._.Zm_z_m_m&xw - _|En_v 20°= A._<_ ANOIHL ——
: |




It may be noted that the line breadth predicted from the collision
cross section given by kinetic theory is about ,04 cm . There 1s a
certaln 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 dlpole-dipole perturbations.

In the absence of large dipole interactions, line breadths narrower than
those computed from kinetlc theory are possible if all collisiocns are not
effective in Interrupting the absorption processes, Since the molecular
translational energy follows a Boltzmann distribution, from energy consider-
ations, some collisions are conceivably ineffective, hence a narrover line
breadth, This point should undoubtedly be further investigated theoreti-
cally.

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 thelr air equivalent(21 per cent 0O _,

79 per cent N ), We had expected to find a simple linear relationship
between pure and dilute oxygen absorption, Since 0 and N collision cross
sections should be nearly the same, the line breadtg shoulg remaln essentially
constant with a constant total pressure, The reduction 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 c¢m 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 Figure 3, The
behavior of the absorption with varying oxygen content 1s difficult to
justify with any simple picture of the absorption process,

In Van Vleck's notation, the data of Figure 3 were taken for the region
between the K_=9, K4 =3 and the K_= 7, K, =5 transitions., Since the
characteristic line breadth 1s the only factor undetermined in the Van Vleck-
Welsskopf theory, there remains only the possibility of variation of thils para-
meter with nitrogen dilution, If the line breadth were to increase with in-
creasing dilution, the curves of Figure 3 would have the opposite curvature,
1.e,, a curvature awvay from the axis of partial pressure, If the line breadth
vere to decrease with increasing oxygen dilution (a situation which might be
accounted for by a decrease in dipole-dipole interaction), the curvature
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Fig, 3 Curves of absorption in oxygen-nitrogen mixtures vs,
oxygen partisl pressure, taken at varlous frequencles,

toward the partlal-pressure axis would possibly not be so great as that
observed, The interval 1,950 cm'1 to 1,976 cm™1 1s .026 cm"1 wide and a
decrease in line breadth much below ,015 crn"1 would tend to decrease the
absorption In the least resonant reglon of 1,963 cm-l, However, the K_=7
line (1,976 cm'l) and the K, =3 line (1,950 cm'l) 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 linz breadth of ,015 cm'l. A
variation of line breadth with rotational-energy state 1s certainly under-
standable; the possibility of such a phenomenon has been pointed out by
Van Vleck and Weisskopf (9), and has been demonstrated experimentally in
the case of ammonia by Bleaney and Penrose (10), It should be noted that
the case of ammonia 1s unusual, since there are large dlagonal 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 vir-
tue of the hundredfold-smaller magnetic dipole moment of oxygen,

It can be readily seen from Figure 3 that dilute oxygen (~25 per cent

oxygen) does behave like an absorbing gas with constant line breadth, since




the absorption becomes proportlional to the oxygen partial pressure, In
highly dlluted oxygen, the collisions which interrupt the radiation process
are predominantly those between oxygen and nitrogen molecules; so that if
the anomalous behavior of the absorption in 02—N mixtures containing a high
percentage of O 1s, 1in fact, due to a line-narrowing pheomenon, 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 1s
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,
The lntegrated absorption is independent of the line breadth and must be a
linear function of the number of absorbing molecules, It would seem difficult
to fulfill such a requirement with data such as are glven in Filgure 3,
However, 1t must be remembered that the integrated intensity may still be
decreasing due to decreasing skirt absorption. 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 sufficlently tedious to dlscourage us from carrying them out and,
furthermore, observations on individual lines at low pressures seem tc be
more useful in developing a model for the processes taking place,

It has been pointed out above that the }%ne breadth Av £ ,015 em™! s
less than the kinetlc-theory value of ,04 cm , Any further narrowing due to
a preponderance of O -N collisions, though certainly possible, 1s hard to
visualize in any simple fashion,

It should also be noted that Bleaney and Penrose(10) 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 discrepany worried these experlmenters 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 Bleéney and Penrose observe is in the wrong
direction (i.e,, they observe nitrogen broadening) and the collision cross
sectlons are for interaction with ammonia, The point remains that in two
cases, those of oxygen and ammonia, dilution of an absorbing gas with
nitrogen has indicated an anomalous 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 frac-
tlon representing the number of oxygen molecules present, The variation of

the absorption in oxygen-nitrogen mixtures 1s not readily understandable.




At low oxygen concentration, the absorption does vary proportlonally to the
partlal pressure of oxygen, as might be expected, On the other hand, in
mixtures with a high percentage of oxygen, the absorptlon becomes almost
Independent of the partilal pressure of the oxygen over a reglon several
line breadths wide, Qualitatively, this independence of absorption on the
concentration of oxygen might be due to a variation arising from a difference
between 02-02 and N2-02 collisions, but the phenomenon can not be quantita-
tively explalined on the basis of avallable data, Further, the measurements
presented here are not in good agreement with previously published experi-
mental data, Beringer (2) found that the absorption in oxygen-nitrogen mix-
' tures 1s proportional to the oxygen partial pressure, Lamont (3) measured
directly the absorption in the atmosphere and found 1t to be about 15 db/km,
On the tasis of our experiments, we would predict the absorption due to
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
transition frequencles, any shift of fregquency with pressure, any dependence
of the line breadth upon rotational state, and any anomalous dependence of
the line breadth on pressure, We intend to carry on further researches along
these lines in this Laboratory., The data given above form an incomplete
study of the absorption phenomena 1in oxygen, and are presented at this time
so that the material already at hand might be made avallable, without further
delay, to those interested in the problen,
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