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CONTENT AND SUMMARY

I. INTERFEROMETRY

Performance of a Fabry-Perot interferometer operated in combinstion with
& low-resolution grating monochromstor is reported. The anticipated high
signal-to-noise level has been observed, but the resolution fell short of the
expected 0.02 cm™?t by a factor ten due to distortions of the flat reflecting
surfaces. '

IT. DERIVATIVE ABSORPTION SPECTROSCCPY

A simple modification can be made to most monochromstors so as to produce
an output signal from the detector that is directly proportional to the first
derivative of the spectrum being examined. This may be done in various ways,
involving the oscillation of an optical component of the spectrometer so that
two adjacent wavelengths are alternately placed on the exit slit and hence de-
te¢tor. A difference measurement is made at this oscillation frequency by
amplifying only that frequency component of the electrical signal from the de-
tector. As a consequence, low-frequency noise and drift are eliminated, and
the recording scale may be varied by only a change in the gain of the amplifier,
Several examples of near-infrared absorption spectra are presented in which
this mode of operation is used to advantage.

ITI. FAR-INFRARED ABSCRPTION SPECTRUM OF HoCso

The absorption of Ho0o between 50 and 200 cm-! has been observed. Con-
sidering Ho0z to be a symmetric top, the strong low-frequency lines can be
attributed to AJ = O AK = +1 transitions of the pure rotational motion coupled
with a transition between the two levels of the ground state of the torsional
motion of one OH group relative to the cther., There is qualitative agreement
with the predictions of Massey based on microwave data. The absorption in the
-~ 140- to 200-cm~* region appears to involve excited states of the torsional
motion,

IV. ELECTRIC FIELD INDUCED ABSORPTION IN Hs AND Do
Vibration-rotation absorption in Hy and Ds, normally a forbidden dipole
radiation transition because of the molecular symmetry, was observed at high

resolution by perturbation with an applied electric field. Some 10 lines were
found for the fundamental vibration of H, and also Do, and 3 lines in the

xi



overtone of each. Values of the polarizgbility components were determined from
the intensities of the lines.

V. STARK EFFECT OBSERVATIONS

Stark effect observations in the vibration spectra of several simple polar
molecules are reported. The most extensive work was done on HCN, and the dipole
moment of the molecule in the excited vibration state y; was evaluated. Stark
difference signals were found in the case of CHsF and CHsI to be a valuable aid
in the identification of the rotational fine structure of the vibration bands.

In the case of NHg, it is shown that the mixing of the wave functions due to

the perturbation of the electric field permits transitions from which the in-
version splitting in the ground and excited vibrational states may be calculated.
The Stark effect observations of H-0 show that the largest effects arise from
near-degenerate interacting levels.
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I. INTERFEROMETRY

The advantageous position of an interferometer relative to a diffraction
grating with respect to luminosity and potential spectral resolution has been
“pointed out by Jacquinotl‘and others. Some of the problems involved in its
use might well be cited also, as for example the necessary separation of over-
lapping orders of Interference (either optically or by the analysis of the spec-
tral scan into frequency components), the limited free spectral range, and the
spectral scanning mechanism—all of which are interrelated. Our cholce of an
interferometer system was seemingly the simplest one—a Fabry Perot, with over-
lepping orders removed optically, and a detector sensing the central fringe or
axial intensity as the optical separation of the parallel reflecting surfaces
changed. The reflecting surfaces were multilayer films of zinc sulfide and
cryolite deposited on 2-1/2-in,-dismeter fused quartz discs that were flat to
0.0l fringe of sodium light. The film stacks had a high reflectance (calcu-
lated at 99-1/49 for the 3-u region) and the plates a commensurate flatness in
order to gain a large free spectral range by operating at a low order of inter-
ference with a small separation of the plates. The variations in the thilckness-
of the multilayer films and/or distortions of the flats caused by their mounting
led to an over-all flatness of 0.1 fringe. The resulting mismatch between the
high reflectivity of the films and the quality of the surfaces drastically re-
duced the luminosity and/or the resolving power of the system,

The interferometer plates were mounted on parallelogram-type tables of
Tnvar similar to the design used by Kline.2 The separation of the plates could
be varied manually by a spring drive, or electrically by means of two U-shaped
solenoids facing each other beneath the plates. The plates maintained their
parallelism within 0.1 fringe over a 2l-hour period. Overlapping orders were
rejected by a grating monochrometor operated at a 2-cm~1 band pass. The inter-
ferometer was placed in series with the monochromator, with KBr lenses for the
collimator and telescope., The plate separation was about 1 mm,

Figure 1 shows a trace of the absorption of NHs observed by scanning with
the solenoid drive of the interferometer. A resolution of about 0.3 em~1 is
‘indicated, A spectrum of the same region obtgined with a high-resolution
grating spectrometer operated at similar resolution is also shown in the fig-
ure, The interferometer's performance does not appear impressive, but it was
operated at "slit widths" sufficient to give a resolution of 0.02 cm~t, The
‘gignal-to-noise ratio under these conditions is encouraging,. but the decreased
resolution serves notice of the care that must be exercised with the plates.
Although the low resolution of this trace furnished no real test of the solenoid
" drive, other experiences showed 1t to be inadequate for a fine scan,
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Fig. 1. R(6) of vy of NHs. ILower trace: Spectrum obtained with Fabry-
Perot inferometer in series with low-resolution grating spectrometer.
Upper trace: Spectrum obtained with high-resolution grating spectrometer.



Designs were made for a tandem Fabry-Perot system with etalons scanned
by air pressure variation, coupled with a low-resolution grating monochromator
to achieve a resolution of 0.00% cm-1 in the 3-y region. However, the backlog
of work in the instrument shop promised such a delivery date that it was deemed
sensible to suspend plans for it in favor of other projects less demanding of
machine work—in particular, electric field effect measurements.

These Stark effect observations have in turn rekindled interest in a high-
resolution interferometer. The reduced line width would yield more profuse
and more accurate data since the limited frequency interval between adjacent
rotational lines sets the limit on both the detection and interpretation of
the Stark shifts (the latter because the shifts of the levels become highly com-
plicated when the Stark splitting approaches the separation of the rotational
lines). The major change in the plans for the system has been to couple a grat-
ing monochromator of moderate resolution (0,25 em™) to a single Fabry Perot by
meens of infrared transmitting fibers imaging the slit of the grating spectro-
meter onto the circular d@erture of the interferometer.






II. DERIVATIVE ABSORPTION SPECTRA

INTRODUCTION

The derivative of the spectral transmission curve of a sample may be ob-
tained in a variety of ways. The simplest, though most tedious, is by graphical
measurement of the slope of the recorded transmission curve. This operation
cen be done automatically by the electronic analysis of the output of the de-
tector as has been reported by Mertin,> However, methods which result in an
output signal from the detector of the monochromator that is proportional to
the derivative of the transmission curve possess a number of advantages rela-
tive to both the derivetive curve obtained as above and also to the usual trans-
mission curve itself. First, the location of maxime and minima, the usual points
of interest in a spectrum, is accomplished by a null measurement. Further, since
the constant signal falling on the detector is ignored and only differences be-
tween two closely adjacent wavelengths are amplified, the noise observed is that
characteristic of the frequency at which the adjacent wavelengths are alternated
on the detector, and other frequency components of noise and drift are rejected
by the amplifier. In addition, in the case of weak absorption lines, effec-
tively only deviations from the envelope of the spectral energy transmission
curve of the instrument are recorded, and the scale of the recording can be
varied by changes of the amplifier gain without the necessity of biasing volt-
ages to stay within the limited range of the recorder.

The oscillation of any optical component of the spectrometer that will
cause two adjacent wavelengths alternately to fall upon the detector will gen-
erate in the output of the detector a signal of the same frequency whose mag-
nitude is proportional to the first derivative of the transmission curve being
scanned. Giacomo and Jacq:luinotlL have used in this way a vibrating mirror placed
in the beam beyond a wide exit slit to locate the transmission mexima of evap-
orsted thin films, (A subsequent narrower slit determined the spectral band
pass, and the spectrum was oscillated relative to this second slit.) French
and Church5 have incorporated & vibrating exit slit into a monochromator to pro-
duce a first derivative output in the study of overlapping absorption bands.
-Pemsler6 has achieved the same result in the case of a Perkin Flmer Model 21
Double Beam Spectrophotometer by a deliberate misalignment producing a fixed
wavelength displacement between the two beams,

PROCEDURE

As has been mentioned, there is complete freedom in the choice of the op-
tical element that is to be periodically displaced so as to oscillate the spec-
trum across the exit slit, and it does not matter whether it lies in the colli-
mated or uncollimated portion of the optical path, The displacement of the



beam is so slight in all cases that no problems of vignetting arise, For exam-
ple, the prism or grating of the spectrometer could be vibrated, or the plane
mirror of e Littrow system., In practice, however, it is simplest to drive as
small a mass as possible. Therefore the moving element should be near a focus—
either the entrance or exit slit—where the beem has a reduced cross-sectional
area, and the optical element may be correspondingly small. Likewise, since

it is located near a focus, its optical quality need not be as high as other-
wise,

A thin wedge prism of a transparent material may be inserted into the beam
either after the entrance slit or before the exit slit so as to produce the de-
sired effect when the wedge is moved. This arrangement has the advantage that
the path of the rays through the spectrometer is unchanged except for a slight
shift in focus, and the mode of operation could be quickly changed by adding
or removing the prism. The wedge of prism angle A produced & small displace-
ment of the spectrum at the exit slit, x, given by

x = (n-1) Ay

where n is the refractive index of the wedge, and y is the distance from the
slit to the wedge. The magnitude of x desired is of the order of the width
of the slit, and small values of A and y will generally be sufficient, In
addition, the amplitude of the motion can be varied by altering y. The spec-
trum cen then be displaced periodically in several ways, as (1) by lateral
insertion of the wedge into and out of the beam, (2) by an oscillating motion
of the wedge longitudinally along the beam, or (3) by a rotation of the wedge
at constant speed about an axis parallel to that of the beam, 1In the last
case, there is also a periodic vertical displacement; but because the slit is
usually considerably longer than wide, the resultant modulation is smell, and
if the detector "sees" slightly more than the normally illuminated length of
slit, the effect will be negligible.

The desired motion of the spectrum can also be produced by an oscillating
mirror placed near a slit so as to deflect the beam, Thls arrangement was con-
venient for the particular instrument with which the work was done—a l-meter
focal length, f/5, Pfund-type grating spectrometer described by Hardyo7 In
this case, a l-cm-square mirror cut from a microscope slide was placed about
5 cm before the exit slit and deflected the beam at 90° onto a new exit slit
formed by razor blades. This mirror was mounted as a torsion pendulum, being
glued to a thin iron sheet which in turn was glued to the middle of a 3-cm-
long, thin steel wire fastened at its ends, A small hand-wound electromagnet
was mounted Jjust behind one edge of the mirror and gave approximately 1° rota-
tion of the mirror per watt of power, The magnet was biased by & d-c current
to prevent frequency doubling in the motion of the mirror when an alternating
voltage was applied to the magnet. An angular rotation of the mirror of the
order of 10 minutes of arc was sufficient to interchange adjacent spectral band
passes of the instrument.



Measurements were confined to the 2- or 3-p region, A 500-watt projection
lemp was used for a source, The grating was a T200-line-per-inch replica, and
its higher orders were removed by a germenium filter. An uncooled Fastman Kodak
Ektron PbS cell, 2.5 x 0.25 mm, detected the radiation. This cell itself served
as the new exit slit. A sizable gain in signal strength could have been obtained
by plecing it at the focus of & condensing ellipsoidal mirror to collect flux
from & longer slit. The chopping or oscillation frequency of the mirror, as
well as the frequency in the output of the detector that was amplified electron-

ically, was 90 cps.

Normel absorption spectra were obtained with the small mirror stationary
and a 90-cycle chopper interrupting the radiation. The signal, after passing
through a tuned 90-cycle amplifier, was recorded after either rectificatlon in
the normal menner or else by a lock in detection system using a synchronizing
signal from the chopper, To observe the derivative spectra, the chopper was
removed from the beam, and the mirror was driven at 90 cycles by applying an
emplified portion of the synchronizing signal from the chopper to the magnet,
Exactly the same amplifying system was used as above,

The appearance of the several types of spectra is shown in Fig. 2. Flg. 2a
represents the normal trace of an absorption line., With an oscillating optical
element, the detector alternately sees curves A and B of Fig. 2b as the grating
1s turned, and the a-c output of the detector is.proportional to the difference
between the two curves., After normal rectification of the emplified a-c slgnal,
the trace of Fig. 2c results, whereas synchronous rectificatlon preserves the
phase of the signal, so that positive and negative excursions from zero are re-

corded as in Fig, 24,

The derivative spectrum of atmospheric transmission in the wing of the

~ 3750-cm™1 water vepor fundamental with an alr path of about 6 meters 1s shown
in the lower trace in Fig., 3, using normal rectification, along with the nor-
mal spectrum, The zero of the normal spectrum on this and subsequént figures
is the base line of the figure. The peak of an absorption line, or more prop-
erly the point of zero slope, 1s clearly indicated by the sharp central dip

in the derivative. This has been utilized in other spectral reglons to enhence
the accuracy of line measurements, Any asymmetry in the shape of an absorption
‘line is revealed by an inequality in the two lobes of the derivative, The
slope of the envelope of the spectral energy curve is not large enough to be
apparent in the differentiated spectrum at thls gain, and only excursions from '
‘the envelope appear. This permits a convenient method of expanded scale re-
cording in which only the signal of interest, 1.e., & change in the trans-
mission, appears. If the signal-to-noise level 1s large, informatlon on small
chenges in transmission that would otherwise be lost 1is clearly dilsplayed., For
example, the indicated weak water vapor line, absorbing about 1-1/2% of the
incident energy in the normal spectrum, 1s slzably magnified in the differen-
tiated spectrum, on which no noise 1s apparent. Varlations in the amplitude
‘of oscillation of the mirror changed the magnitude of the derivative trace, but
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NORMAL
SPECTRUM

LINE A

DIFFERENTIATED
SPECTRUM

1 l 1 1

cm- 4200 4100 4000 3900

Fig. 3. Atmospheric transmission, 3900- to 4200-cm-! region, 6-meter
path, 2-cm-1 spectral slit width. Change of scale x 5/2 at 4035 em-t
in regular spectrum. Normal rectification in the first derivative
spectrum.



had little influence on its appearance until quite large amplitudes were
reached, when the resolution suffered,

The gain can be greatly increased before any noise becomes visible, as
shown in Fig. 4. This and all subsequent records were made with the lock in
detection method, The scale can be realized by reference to the same 1-1/2%
absorbing water line., The regular structure on the high-frequency side is not
characteristic of water vapor, and was traced to interference effects in the
Multileyer germanium filter and also the glass substrate of the PbS detector.
A smear of grease on the back surface of the detector eliminated the latter
and a much thicker germanium filter (1/8 in.,) did not show any interference
effects at this spectral resolution,

After these changes, the derivative trace of atmospheric transmission be-
tween the 3750- and 533%0-cm~* water vapor bands was recorded at high gain as
shown in Fig. 5. The appreciable slope of the envelope of the spectral energy
curve of the apparatus causes the over-all drift of the differentiated curve
at this amplification. The signal level has changed by more than an order of
magnitude in the spectral interval, however.

The first overtone band of CO at 4260 cm-! was used to demonstrate the
detection of small changes in transmission in regions of large sigral-to-
noise ratio by means of the derivative technique. The upper curve of Fig. 6
shows the absorption of 1 atmosphere of CO in a 10-cm cell with 2-cm~? re-
solution; and the lower curve, the differentiated spectrum under the same con-
ditions, Reduction of the CO pressure to 2 cm of Hg removed nearly all trace
of absorption in the normal spectrum as in the upper curve of Fig. 7. The
lower curve of Fig, 7 is the derivative spectrum recorded at high gain, and the
inherent details of the spectral transmission are revealed. The signal-to-
noise ratio, in this case, was 5000 to 1 at a response time of 1 sec and a spec-
tral slit width of 2 em~1, Assuming a linear relation between absorption and
pressure, the least perceptible change in the derivative curve corresponds to
a change of transmission of 1 part in 4000. Significantly greater sensitivity
could be obtained with a more perfect grating and by using a cooled detector
withan ellipsoidal mirror to demagnify the image of the slit. With these im-
provements, S/N values of 100,000/1 have been realized at 1-sec response time
and l-cm~1 resolution, This ratio may be further increased by the use of longer
response times to reduce the noise, or by wider slits at the expense of resolu-
tion to increase the signal until saturation of the detector occurs. (At 4000
em-1, the saturation limit of an uncooled PbS cell appeared to be near 105/1
at a l-sec response.)

One might expect that the ncrmal spectrum observed at high gain with the
recorder zero offset by a biasing voltage would show the same detail. Such a
trace of the background near 4200 cm-1 is given in Fig. 8, with the gain in-
creased by a factor of five. A section of the curve shows the noise with the
spectrometer scan stopped. By comparison with the derivative curves of Figs.

10



4300 4200 4100

Fig. L. First derivative of atmospheric transmission curve as in Fig. 3
but with synchronous rectification and higher amplifier gain.
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cm™ 5000 4500 4200

Fig. 5. First derivative spectrum of atmospheric transmission, 4000-
5000 cm-t, 6-meter path, 2-cm-1 spectral slit width, synchronous
rectification, high gain,



NORMAL SPECTRUM

S— {J

DIFFERENTIATED SPECTRUM

PRESSURE: | atm. PATH: 10 cm.
SLIT: 2 cm™

Fig. 6. DNormal and first derivative spectra of CO overtone absorption
at 4260 ecm=1, 1 atmos. CO, 2-cm~' spectral slit width.
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NORMAL SPECTRUM

|

DIFFERENTIATED SPECTRUM

WATER

//\

Fig. 7. Normal and first derivative spectra of L260-cm™! CO band at
reduced concentration. Pressure, 0.03 atmos., 10-cm path, 2-cm=! spec-

tral slit width.
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LINE A |

NOISE

4200 4100

Fig. 8. At right: Normal spectrum of atmospheric transmission, 4100-
4200 em-1, as in Fig. 3, except higher amplifier pain (X 5) with bias
voltage adjusted to keep recorder on scale. At left: Noise trace with
grating drive stopped.
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3, 4, and 5, two disadvantages are apparent: the steep slope of the envelope
(increased by the same factor as the gain) that demands frequent readjustment
of the biasing voltage; and that the nolse level is an order of magnitude
larger then for the derivative spectra. The higher noise level is a conse-
quence of the noise spectrum of the source and most other disturbances such
as air currents, vibrations, etc. All these have noise that 1s predominantly
of low frequency. In the case of the source, for example, the large thermal
mass prohibits rapid cheanges. In a normal spectrum obtained with an on-off
chopper, the absolute size of the signal from the radiant flux of the source
is being examined at 90 cycles, and slow changes in the size of this signal
will be registered. With the derivative technique, as in a difference system,
only the change in the signal level from one half-period to the next (1/180 sec)
is amplified. This adventage relative to noise level 1s not peculiar to the
derivetive system but holds for any double beam of difference spectrometer,

The accuracy of the trace obtained with the oscillating mirror in repre-
senting the first derivative of the spectrum was tested by integrating the trace
and comparing the result. The normal spectrum and derivative trace are shown
in Flg. 9 using a 10-cm path of CO at one atmosphere pressure and a spectral
band pass of 3.5 cm~t, The distortion of the R branch in the spectrum is due
to a match of the line spacing with the rectangular band pass of the spectro-
meter, The derivative trace was integrated by an electro-mechanical gadget and
the resultant curve is plotted in Fig. 10 on an arbitrary scale. By comparison
with the normal spectrum, it appears that nothing has been lost or added in the
process of differentiating end integrating, and one may conclude that the tech-
nique does produce a trace proportional to the first derivative of the spectrum.

SUMMARY AND CONCLUSIONS

Any one of several simple modifications can be made to a monochromator to

- produce an output signal from the detector that is directly proportional to

the first derivetive of the spectrum being scanned. A signal proportional to
one of the higher derivatives could be obtained if desired by properly vibrating
one of the optical elements of the monochrometor. For example, a trace of the
second derivative could be obtained from the :component of the detector's out@ut
of frequency f if the spectrum were sinusoidally modulated across the exit slit

at a frequency f/2, as has been pointed out by Glacomo and Jacquinot.

The chief advantage of directly generating a signal from the detector
that is directly proportional to the first derivative of the spectrum over the
normal spectrum itself is that a difference measurement is made. In spectral
regions where there exists a large signal-to-noise ratio, the noise level is
not infrequently determined by factors associated with the source and optical
path rather than the detector. In extreme situations of this sort, an order-
of-magnitude improvement in the signal-to-noise ratio can be realized by the
use of the derivative technique. A good example of this'occurs in solar spec-
troscopy where the noise level is presumed to be set by atmospheric fluctua-
tions,

16



NORMAL SPECTRUM

el

DIFFERENTIATED SPECTRUM

 Fig. 9. DNormal and first derivative spectra of L260-cm-1 CO band, 1
atmos. pressure, 10-cm cell, 3-cm~! spectral slit width.
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Fig. 10. Integrated trace of the first derivative spectrum of Fig. 9
on an arbitrary scale, to be compared with the normal spectrum of Fig. 9.
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The use of the first derivative of the spectrum also provides an escape
from the limited dynamic range of the recording system when one is interested
1in observing small percentage absorptions. In the derivative trace, the signal
to the recorder is proportional to the absorption of the sample, not to the
transmission through it as in the normal spectrum. Since excursions from zero
are being measured, the scale of the recording can be altered by a change in
the gain of the amplifier without going off scale except for large absorptions.
A double-beam instrument operates similarly, but double-beam units are not
available for all monochromators nor are they suitable for all problems (solar
spectroscopy, for example). In operation in the derivative mode in conjunc-
tion with a high-dispersion instrument and a sensitive photoconductive detector,
extremely small absorptions and consequently concentrations could be detected,
as 1s indicated by the data on the overtone band of carbon monoxide.
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III. FAR-INFRARED ABSORPTION SPECTRUM OF HoO2

Although Hs0s is the simplest molecule possessing a hindered internal
rotation, relatively little work has been done on its rotational energy levels
and the resulting spectral transitions. In large part this may be attributed
to the experimental difficulties resulting from its chemical instability. Not
only is the material very reactive at room temperature, but its vapor pressure
is relatively small so that the sample must be heated to obtain sufficient
absorption, thereby increasing the rate of decomposition. Finally, its decom-
position product Ho0 has both strong vibration and rotation absorption spectra
that overlap the spectral regions in which Hp0p is absorbing.

Gigﬁére8 has examined the vibration spectrum and made an assignment of the
fundamental vibrations on the basis of a nonplanar model having Co symmetry.
In several bands he noted a doubling of the lines which he attributed to the
effect of the internal rotation of one OH group relative to the other. Massey
and Bianco? examined the microwave spectrum and found nine lines in the 9000-
40,000 Mc/sec region. They were able to obtain qualitative agreement with
their data by approximating the hindering potential with a sine function.
Massey and Hart1O considered the case of an asymmetric hindering potential
(high at the cis position and low at the trans position of the OH groups when
planar). They showed that each rotational level is then split into a sym-
metric and antisymmetric state (much as in the case of the inversion doubling
of NHg), with a splitting of the order of 1Ocm-1. However, it was not pos-
sible to uniquely to determine the heights of the cis and trans barriers.

The far-infrared spectrum should furnish enough additional information to
solve the problem. As Massey et al. pointed out, Hz0> may be considered as
a nearly symmetric top, its dipole moment perpendicular to the figure axis.
The selection rules that apply to the pure rotation spectrum are AJ = 0, 1,
AK = +1, a ¢ s, acwa, and s&s. The strongest absorption should be
associated with AJ = 0 AK = +l—what might be called Q lines of a perpendi-
cular band of a symmetric top. Given the values B = .83 cm-1 and A = 9.96 cm-1,
these transitions would be expected to fall in the 10- to 150-cm-1 range. The
AJ = +1 AK = 1 transitions would be individually weak and closely spaced, and
- behave somewhat like a continuous background absorption.

The far-infrared vacuum grating spectrometer designed by Randall and Fire-
stonell has been modified for this work to have the source, detector, and absorp-
tion cell outside of the main vacuum chamber. An H-4 mercury arc was used be-
low 100 ecm-1l, and a heated platinum strip coated with carborundum dust above
100 ecm-l—either being imaged on the entrace slit with fivefold magnification
by an off-axis ellipse. A glass blade chopped the radiation at 10 cps. Three
scattering gratings attenuated the higher orders of interference of the grating,
and the impurity appeared to be less than 5% throughout the spectrum. A 3-
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traversal absorption cell of the Pfund type (2 perforated spheres separated

by their focal leungth of 30 cm) was mounted after the exit slit, The cell was
made of a Pyrex cylinder and Pyrex mirrors (which served as the end plates)

with thin films of polyethylene glued over the holes in the spherical mirrors
for windows. This cell was wrapped in a heating jacket and enclosed in a larger
brass cylinder that served to take practically all the strain due to evacuation.
The radiation was detected by a Golay cell with a polished tapered cone attached
to it to demagnify the image. Through the use of long integration times; (a
minute or more), records could be generally obtained with a resolution of 0.3
cm~Y, The Ho0s had to be heated to,60—70°C to obtain sufficient absorption in
the 90-cm path, and the cell was pumped on slowly but continuously to remove

the decomposition products while Ho0p evaporated into the cell to maintain the
pressure. The 99% purity HoOp was obtained from the Buffaio Electro-Chemical

Company .

The stronger absorption lines are listed in Table I. These are preliminary
values obtained by interpclation between water lines, with an estimated accuracy
of 0.1 em-1, These were obtained by subtracting out the absorption of HzoC taken
as a background spectrum with enough water vapor to give more or less similar
line strengths for the H-0 lines. The concentration of Hz0p in the cell varied
during any one run, as well as from run to run sc that the relative intensities
of the lires are not known. In addition, there are a number of weak lines in the
spectrum possibly due tc an accidental piling up of AJ = i1 transitions. Massey
and HartlU give the energy levels through K = 4, and the AT = 0, AK = 1, s4>a
transition frequencies in this range are also listed with the J, K, and symmetry
identification, It is apparent that there are appreciable deviations from the
predicted line positions already at K = L, Purther work is in progress to ex-
tend the observations down to the 15-cm-1 region.

The large number of lines occurring in the 140~ to 200-cm™1 region prob-
ably involve transiticns to the first excited state of the torsional motion.
Tn addition, Prof, Hecht has set up the hindering potential problem for cal-
culation by an IBM 704 computer, and it is hoped that specific values for the
barrier heights as well as their dependence on K may be found. An exploratory
run of the spectrum in the 3400-cm™ ' region has been made at much higher re-
solution (0.05 ecm~1) but no real effort has been made to understand its com-
plex structure as yet.
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TABLE T

ABSORPTION FREQUENCIES OF HoOo IN THE FAR- INFRARED

Observed Strong Infrared | Transitions Predicted by Massey and Hart

Absorption Lines (up to K = L)

10

52.25 cm™* 15.7 cm™t 2,1,8 + 2,2,s
53.2 19.3 1,0,a + 1,1,a
70.8 31 %,2,a + 3,3,8
71.3 37,7 2,1,s +~ 2,2,a
89.7 50 h,5,8 + bk, s
9k.0 55 3,2,8 ~ 3,3,a
109.28 Th b,3,8 > b kb8
112,53
130.51
135.52
142.2
143.3
1440
148.7
§55-2
54,2
155.9
160.9
162.0
162.7
18k4.9
188.3
192.8 .
196.1
197.7
215.4
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IV. ABSORPTION OF Hy AND Do INDUCED BY AN ELECTRIC FIELD

The electric field induced absorption of the normally infrared inactive
vibration-rotation bands of Ho and Do has been reported separately by C., H.
Church as Technical Report No. 1 (ASTIA AD-211110) under this contract. The
abstract from that report is given here as a résumé of the work.,

ABSTRACT OF TECHNICAL REPORT NO. 1

A high-resolution study has been made of the electric field induced vibra-
tion-rotation absorption spectra of Ho and Dy. The induced absorption was
modulated at 90 cps by square wave fields of 100,000 volts/cm meximum value
applied to a one-meter-long Stark cell of the light-guide type operated at pres-
sures up to 30 atmospheres, The spectrum was analyzed by a F/15 vacuum grat-
ing spectrograph of the Ebert design using a 200-mm-wide grating with 300 lines
per mm double-passed. The radiation was detected by lead sulfide photoconductive
cells cooled by liquid nitrogen. The small modulated component of the output
of the detector was isoleted and amplified electronically. White light fringes
produced in a Fabry-Perot etalon were used for the determination of the line
positions. The absolute intensities of the lines were measured for specific
polarization directions to calculate the polarizgbility components of the mol-
ecules. The spectral resolution varied between 0.1 and 0.2 cm~!, The probable
error in the determination of the transition frequencies was 0.02 cm-1, and
that for the values of the polarizability components was 5%.

The vo-1 transitions observed for Hp included 6 Q branch lines, 4 S lines,
and 1 O line that was largely obscured; and the v,_, transitions, 3 Q lines.
For Do, 5 @ and 5 S lines were detected in the fundamental, and 3 Q lines in
the overtone. The spectral resolution used (0.1l to 0.2 cm-1) was comparable
to the line widths. A new set of molecular constants was calculated for both
Ho and Dy to fit the data best, generally within 0,01 cm~*, They differed only
slightly from those given by Stoicheff, The ratio of the equilibrium vibra-
tional frequencies of Ho and Do could not be compared closely with the ratio
- determined by the reduced masses of the molecules because of the lack of a reli-
able value of vg.3 for Do, The values obtained for the polarizability matrix
elements Opy and Yoy for both molecules are in excellent agreement with the most
recent experimental determinetions from static electric field induced absorp-
tion and photoelectric Raman and Rayleigh scattering data.

It is concluded that the moduleted electric field absorption technique

offers the highest sensitivity in the detection of weak vibration-rotation
transitions in H, and Do, and yields values of line positions and intensities
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of comparable or greater accuracy than other available methods. Several
changes are suggested that should further improve the technique.

An attempt was made to detect a possible shift of the line position due
to the epplied electric field. The most sensitive method for sensing such a
shift appeared to be modulation with a square wave field between the values
Eeand Ex 2-1/2, The intensity of the absorption is proportional to E2, and
a shift of the frequency would also be expected to have the same dependence.
The difference signal would then be half of its usual strength due to the first
factor, and the line shape would be asymmetric due to the second. Most of the
tests were made on the Q; (1) line of H» because of its strength., However, no
trace of asymmetry in the line shape was evident. It was estimated that a
shift of 0.0l cm~1 would have been observable.
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V. STARK EFFECTS IN THE VIBRATION-ROTATION SPECTRA OF POLAR MOLECULES

Stark first showed that the Balmer lines of hydrogen when excited in a
strong electric field were split into a number of components.l2 Since then the
Stark effect has become a standard aid in the analysis of spectra not only of
electronic transitions of atoms but also of rotational transitions of polar
molecules in the microwave region. Stark effects in the vibration-rotation
lines of Ho0 and NH3; were noticed by Terhune and Peters,15 but the gas pres-
sure of 10 atmospheres necessary to prevent breakdown of the gas in the high
electric field (70,000 Volts/cm) produced absorption lines too broad to be
interpreted with any confidence.

It was possible to make a substantial improvement in the observation of
Stark effects with the equipment used for the induced absorption in Hy and Do
discussed in the previous section. The relevant features were a 36-in.-long
absorption cell between flat parallel polished metal electrodes with a separa-
tion of about 1.5 mm, a square wave 90-cps voltage supply sufficient to produce
fields of more than 100,000 volts/cm, and a 3-meter Fastie-Ebert double-passed
grating monochromator. The difference signal between absorption with the elec-
tric field off and on at the 90-cycle rate was recorded. Several representa-
tive spectra are shown in the accompanying figures. In Fig. 11, the normal
absorption of 1 cm of NH5 buffered with 2h-cm pressure of Np is given on the
lower trace and the Stark difference signal with a square wave field of 10,000
volts/cm on the upper trace near the center of the symmetric N-H stretching
frequency. The Stark difference signal is sensitive to the polarization of the
incident radiation as shown in Fig. 12, Here parallel and perpendicular refer
to the relative directions of the electric vector of the radiation to the direc-
tion of the applied electric field. In the parallel orientation, transitions
having Am = O are singled out; in the perpendicular case, Am = *I.

The frequency shifts of the energy levels of NHsz are proportional to the
square of the electric field strength, whereas a symmetric top molecule not
having inversion doubling will show a linear Stark shift which in general
should be larger—other factors such as the dipole moments being similar.

Methyl fluoride is such a case, and the normal absorption and Stark difference
signals are shown in Fig. 13 for 1 cm of CHgF with 5 cm of Np, E = 6500 volts/cm,
in the high-frequency wing of the perpendicular band involving the asymmetric
C-H stretching motion, The final example, Fig. 1L, is the first overtone of

C0. Since the dipole moment of CO is small (0.1 debye) and the overtone absorp-
tion weak, a high pressure (2 atmos. CO with 9 atmos. of Hp) and high field
(85,000 volts/cm) are needed to produce an appreciable signal.
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At this time we learned that C. C. Costain at the National Research Council
of Canada had achieved field strengths of several hundred thousand volts per cm
with small electrode separation as well as low gas pressures in an attempt to
find induced rotational absorption of nonpolar molecules in the microwave re-
gion. Considerable care had to be exercised to remove the last dust specks
that would otherwise initiate a breakdown spark across the gap. As an example,
the breakdown voltage vs. the product of pressure in mm of Hg and the separa-
tion in mm of plane parallel electrodes is given in Fig. 15. From this plot it
can be seen that for a 0,25-mm gap and 4-mm pressure of COs (sufficient for
strong absorption in a meter path), the breakdown voltage would be approximately
1500 volts and the corresponding field strength 60,000 volts/cmq

Considerable difficulty was experienced in making satisfactory cells,
chiefly with regard to breakdown voltage, transmission of the infrared radia-
tion, and uniformity of the spacing. The most successful method of construc-
tion to date has been to use the best quality l/lL-in° plate glass for electrodes,
each 36 x 2-1/2 in., with the inner surface of each coated with an evaporated
metal film to within 1 or 2 mm of the edges. Spacer strips were made of Mylar,
10 mm wide and 0.25 mm thick. A strip of 1 mil Iufkin feeler gauge stock was
placed between the top Mylar strip and one electrode and another between the
bottom Mylar strip and the other electrode, and the electrical leads were sol-
dered to these metal strips. The electrodes and spacers were assembled between
2 pleces-of ground channel iron under slight pressure and then connected to-
gether 8long the lengthwise seams with Araldite epoxy resin. Tt was found that
the evaporated films could be mede partially transparent without seriously af-
fecting the lengthwise transmission of infrared energy. Thus, interference
fringes could be observed looking perpendicularly through the plates at a
fluorescent, lamp and the uniformity of the separation of the electrodes deter-
mined. In some cases, 90% of the area was parallel to within * 2 fringes of
yvellow light. The absolute spacing of the electrodes was measured by inserting
the cell transversely in the beam of the spectrometer and measuring the spacing
of the channelled spectrum fringes from which the separation could be calculated
to a fraction of a percent accuracy.

When the Stark cell was in use, the infrared energy was focused on its
far end at F/60, so that the rays at the extreme angle to the optic axis were
less than l/2° from grazing reflection. The slight difference in the reflec-
. tivity of the evaporated metal film for the two orientations of the electric
vector of the radiation led to an appreciasble polarization of the transmitted
radiation for 0.25-mm gap cells. Since the alit width of the F/15 spectrom~
eter was of the order of 0.05 mm, the- radiation leaving the Stark cell was
demagnified 4 X, but had to be imaged very carefully. The curved Ebert slit
neccessitated an oblique reflection from a curved surface at an intermedisate
focus to match the straight "slit" of the Sterk cell. Over-all transmissions
of 10 to 20% were obtained for 0.25- -mm cells, and Lo to 50% for 0.5-mm cells
in the arrangement
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The breakdown voltages of these cells were considerably below the published
values for optimum conditions. This has been attributed to dirt specks and the
like that initiate the discharge. Some cells have been operated at 120,000
volts/cm, although in general 70,000 volts/cm is the usually attainable max-
imum. if the pressure is no more than 1 mm of Hg.

The results are reported here on several representative molecules—prin-
cipally HCON and CHsF, although some observations on NHz and HpO are also in-
cluded. All these molecules possess large dipole moments of the order of 1
debye or more. Their Stark effects are determined primarily by their rotational
motion, and the effects of the vibration enter only as small changes due to
the change in dipole moment with vibration state and the change in the moment
of inertia with vibrational state. Any effect due to the polarizability of the
molecule is negligible by comparison at the electric field strengths presently
used, A perturbation calculation of the Stark effect of symmetric top molecules
through fourth-order terms has been carried out by Dr. K. T. Hecht and is re-
peated here,

: dipole moment

: electric field strength

. energy of the state

¢ rotational constant

: total angular momentum

: component of J along figure axis of molecule

: component of J in the direction of the electric field

EROB=EIEHTE

1. HCN.—TFor a linear molecule, such as HCN, K = 0; so that the first-
order or linear term is always zero and the molecule shaws a % adratic Stark
effect for small fields or rather for small values of A(A = %T . HCN was
selected for study because of its favorable values of ug (2.96 debye) and
Bo(1.L478 cm-1) as well as the fact that its C-H stretching frequency at 3311
em-1 is in a convenient region of the spectrum, The energy shifts of the lower
J states can be quite large as shown in Fig. 16, where, for example, the P(1)
line is shifted nearly 1 cm-1, As J increases, the difference of the shifts of
the ground and excited vibration-rotation levels between which transitions are
allowed becomes progressively smaller. The weaker components of the transitions
between the Stark shifted levels are obscured to a certain extent by the com-
ponents of "hot" bands—2 sets of which can be recognized in the normal absorp-
tion trace at the bottom, These "hot" bands show a somewhat different Stark
effect from that of the fundamental because of their vibrational angular momen-
tum., An attempt to observe the individual components for the R(0) and P(1)
lines of these "hot" bands were fruitless because their intensities was too
week. Thus the inability of the present apparatus to observe weak transitions
is a serious limitation.
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The line shifts may be used to calculate the magnitude of the dipocle mo-
ment in bﬁth the ground and excited vibrational states. In the case of Fig.
16, X = %— >> 1, and A\ is so large that a perturbation calculation is no longer
valid, An exact solution for such cases has been given by Lamb and has been
evaluated by Kusch and Hughes ;h F% the excited vibrational state, there has
been a change in A of AN = A p “%— . Referring tc Fig. 17 where the approx-
imate dependence of J = O and 1 on A for the two vibrational states are in-
dicated, the Am = O component of the R(0) line would be represented by a slightly
off-vertical transition from "a" to "c'," and the Am * 1 component by the transi-
tion from "a" to "b'." Similarly, Am = O of P(l) would be represented by going
from "c" to "a',"” and Am = *1 of P(1l), from "b" to "a'." It is then evident,
for example, that the separation of the Am = O and Am = +1 components of R(0)
gives directly the m splitting of the J = 1 excited vibrational state, and
knowing E and B excited, A\ excited and thence p excited can be found from the
data of Kusch and Hughes. In this way, the dipole moment in the first excited
vibrational state of vy of HCN is found to be 2.99 as compared to the ground
state value of glgé debyes determined by microwave measurements. It turns out
to be more accurate to determine the change in the dipole moment from the dif-
ference in the separation of b-c and b'-c!'. The limiting factor in the precision
is the nonuniformity of the grating drive at the present time,

In addition, the perturbation of the electric field in producing an inter-
action of the energy levels, mixes the original wave functions, so that J is no
longer an exact quantum number, or correspondingly the AJ = O selection rule no
longer holds strictly. There are three weak components observable near the
center of the band which presumably arise from the J = 1 levels, since the
perturbation and consequent intermixing of the higher J states falls off rap-
idly. The central component is evidently the superposition of M 0 = 0 and
+1 = +1; the low-frequency component, M O-» *1; and the high-frequency one,
Mzl 0.

2, CHsF.—Only symmetric top molecules regularly show a Stark effect
linearly proportional to the applied field, Methyl fluoride was taken as a
representative case primarily because fluorine has only one stable isctopic
form. Its large dipole moment of 1,79 debyes permits observation of the Stark
shifts at moderate fields (as in Fig. 13), but its small value of B of 0,85
cm~1 coupled with the K structure of the bands produces a spectrum of many
closely spaced lines. With the available resolution in the infrared it is
nearly impossible to separate the Stark components of a particular line in
these circumstances. However, in obtaining a Stark difference signal by mod-
ulating the electrodes of the cell with a 90-cps square wave voltage of mod-
erate magnitude, the components are not resolved, but the signal, resulting
from the broadening of a line, is proportional to the frequency shifts cal-
culated for the particular values of J, K, and M involved in the transition.
For electric field strengths small enough that the first-order term of the
perturbation calculation is dominant, the components are symmetrically shifted
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with respect to the original line position. In scanning a line, the resultant
output of the amplifier having phase sensitive rectification would be as in-
dicated in Fig. 18, in which the areas of increased absorption would equal the
areas of decreased absorption only if the absorption is in the linear range.
The net effect of the electric field modulation is further modified by over-

lapping of the abéorptions of individual lines.

The normal absorption and the electric-field modulated spectre of a high-
frequency portion of the asymmetric C-H stretching fundamental, v,, of CHsF
(a perpendicular type band), are shown in Figs. 19 and 20, Effectively the
spectrum is simplified or rather ajditional contrast between lines ig produced
by the Stark modulation. This results from the fact that the difference in fre-
quency shifts in the ground and excited states related by Am = 0 or *l (and
hence the line broadening), varies approximately inversely as J for given K
states. This additional weighting factor causes a rapid diminution of intensity
of transitions between the higher J levels, and the origin of the R branch lines
of the several K subbands stand out clearly as noted on the figures. The extra
clue is enough to initiate a rapid unraveling of the band structure. For ex-
ample, by counting the number of missing lines from the terminus of the R branch
to the Q branch, one can make a positive identification of the K values of a
particular subband. Ir addition a perturbation of the line spacing, as occurs
in the K 4 <3 5 subband is readily recognized,

The Stark modulated signal in an extreme case of a molecule whose rota-
tional lines from the various subbands are so close together as to produce
nearly continuous abscrption may introduce enough variation of signal strength
between adjacent lines to yield a measurable spectrum. This is nearly the
situation in the same vy, band of CHzI. In the normal absorption trace of Fig.
21, it is difficult to assign the individual lines, whereas the emphasis of
the Stark spectrum on the low J states permits cne to make an unambiguous
assignment.

The spectra of parallei-type bands of these mclecules lies in a much
smaller frequency range because of the AK = O selection rule for such transi-
tions. For a particular change in J, there is usually some shift in the en-
ergy for different K values due to the change of A and B with the vibrational
state. Adjacent lines in the spectrum ordinarily then have nearly the same
values of J and also K, so that their Stark effect broadening is approximetely
the same. The exception occurs for lines involving the K = O state, for which
the Stark shift i1s zero. This may be used as a criterion for the identifica-
tion of the K = 0O components as shown in the case of the symmetric C-H stretch-
ing fundamental v; of CHsI in Fig, 22, The K splitting in the R and Q branch
lines near the band center 1s appreciable. The application of a d-c electric
field spreads cut the M components of all lines not having K = O and reduces
their peak absorption. The unaffected lines can then be readily identified

as the K = O components, as for example R(0)y-g, R(1)y—q and R(2)yx_q in Fig. 22,

Lo



NORMAL SPECTRUM

SPECTRUM WITH
ELECTRIC FIELD

DIFFERENCE
SPECTRUM

Fig. 18. TIllustration of the Stark difference-spectrum arising when the
individual Stark components are symetrically displaced but are unresolved.
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VQ CFHI 2 ¢M He

UPPER : NORMAL ABSORPTION
LOWER : STARK DIFFERENCE SIGNAL 10 KV/em

Fig. 21. v4 of CH3I, 2 cm pressure. Above: Normal absorption.

Stark difference signal, E = 10% volts/cm.
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Below:



CENTER o V;  CH;T 2 cm press.

ABOVE : NORMAL ABSORPTION
BELOW: ABSORPTION with 10 *VY&m D.C. FIELD

Fig. 22, v; of CHsI, 2 cm pressure. Above: Zero field absorption.
Below: Absorption with 10* volt/em d-c field.
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With the origin of a particular R(J) set established, the other K components
can be recognized by their nearly quadratic spacing.

Through the use of these several clues furnished by the Stark effect, a
complete identification has been made of the rotational fine structure of the
v, and vy, fundamentals of CHgl with relative ease. In CHsF, the similar
vibrations overlap and furthermore interact. Consequently the assignment of
the rotational lines is a more formidable task and has been only partially
completed to date—perhaps two-thirds of the total number of lines identified
with assurance.

3, NHs.—The inversion property of the ammonia molecule removes the X
degeneracy of a symmetric top which otherwise leads to a linear Stark effect.
However, the Stark effect may be used to measure the inversion splitting in
both the ground and the excited vibraticnal states as a function of the rota-
tional quantum number J. In Fig. 23, the normal absorption of the J 1-%2 ro-
tational transition in v, of NH5 near 3380 cm-! shows the several K components
resolved (the weak periodic variation in intensity is due to interference ef-
fects in the windows of the spectrometer). The Stark difference signal above
is due entirely to the K = 1 components, since there is no shift of a K =0
level. From the polarity of the signal, it is determined that the lines move
apart when the field is applied. In addition, two weak absorption lines now
appear midway between the two K = 1 components. These two new lines are de-
pendent on the electric field strength. As the field increases, their separa-
tion at first decreases until they appear to cross over at the center of gravity
of K = 1 components, and then rapidly diverge-——meanwhile increasing in absorp-
tion strength. Referring to the energy level diagram of Fig. 24, showing the
inversion splittings of A, and A; in the ground and excited states, the selec-
tion rules permit only the two transitions shown if no field is present. Hence
the separation of the K = 1 components of 1.78 cm-1 in the normal spectrum is
the sum of Ao and A,. The electric field splits the levels as shown on an ex-
aggerated scale, but the perturbation intermixes the wave functions of all but
the m = O states. In terms of the symmetries of the states with respect to in-
version, there will now be weak transitions possible between "s" states and also
between "a'" states, as indicated by the dashed lines, in addition to the usual
ones., As predicted by theory, the Stark shift in the ground state €y 1s larger
than that in the excited state ei--both being proportional to E2. Considering
radiation polarized parallel to the applied electric field so that AM = O, the
new transitions are from M = 1 to 1, and their frequency difference is A; - A,

+ 2(e1-€g). The field dependence of these induced transitions noted earlier
rests in the (eineo) term. Finally, the separation of the two lines extrapolated .
to zero field gives directly the difference in the inversion splittings of the
states. This coupled with the sum of the inversion splittings available in the
normal spectrum yields values of both Ap and Aj. (The intepretation of the per-
pendicular polarization (Am=+1) closely follows the above but is more involved. )
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J 1>2  Inversion Dousier NH

3

-1
1.78 c¢cm™ SEPARATION

Fig. 23. J 1 -+ 2 inversion doublet of v, of NH3, 1.78 cm™* separation.
Below: Normal absorption. Above: Stark difference signal above with
E = 19,000 volts/cm and signal polarity indicated.
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Fig. 24, Ammonia energy levels with and without electric field showing
the usual allowed transitions (solid lines) and the parallel-polarized
transitions (dashed lines) resulting from breakdown of the s <7 a selec-
tion rule in an electric field.
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This information has already been obtained for NHs from a combin&tion of micro-
wave and infrared data, but the electric-field method would appear to be fruit-
ful for cases of inversion splitting not already investigated that are more
difficult to analyze because of their lack of symmetry—such as NHoD, ND2H,
CHoNHo, etc, :

L, Hp0.—A rather cursory examination was mede of the Stark difference
signels arising in the v; and vz O-H stretching fundamentals of Ho0 to see the
effects in a quite asymmetric top molecule. A 10,000 volt[bm square wave field
scted on l-cm pressure of HpO in the cell. However, the optical path at the
tungsten lemp source was not flushed long enough to remove the last traces of
H-0 vapor, so that an appreciable amount of absorption at the more intense
transitions was externsl to the Stark cell. A representative portion of the
spectra, both normal and modulated by the electric field, is shown in Fig. 25.
It is apparent that only a few levels are appreciably influenced by the electric
field. The transitions with the largest Stark signals are listed below.

Rotational States

Stark Intensity Freq. in cm? Upper Lower Vib.  I. R. Intensity

10.5 3880.07 5-1 Ly Va 8.0

9.5 3869.86 b-5 5-4 Va 10.0

4.3 3863.L48 2s 1.5 Va 0.8

2.5 3871.65 5-1 h_og V1 3.h

2.k 3973.98 5-1 by V3 0.3

2.3 3779.78 1., 0 Vs 10

2.2 3892.83 3.1 2.5 Va 0.5

2.2 3711.09 2.1 . 1, V1 40,0

The Stark intensity given above is the peak value of the difference signal,
and should be considered as no more than a crude indication of the Stark effect,
for the strong lines are in a nonlinear absorption range, and also the water
vapor absorption outside of the cell will further distort the apparent size of
the difference signal. One would expect that the low J states of an asymmetric
rotor would show the largest Stark shifts. The fact that the strongest signals
are associated with higher J terms indicates the presence of a interacting near-
ly degenerate pair of levels. Golden and Wilsonl? give as the necessary condi-
tion for the two levels to be perturbed by an electric field, a nonvanishing
value of the matrix element of the permanent dipole moment connecting the states,
or hence that the transition between the levels is an allowed one in the pure
rotation spectrum. Only two pairs of such levels occur in the ground state with
a separation of less than 10 cm~l up to J = 8. These are 6.5 and 5_; separated
by 1.06 cm-* and 3., and 24, separated by 6.18 cm-1, The fact that one or the
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other of these levels is involved in the five largest Stark effects gives
strong support to this view. The extensive work necessary to calculate the
Stark shifts of HoO does not appear to be justified at the present time. It
is hoped, however, to study several other molecules having a permanent dipole
moment along the A or C axis (as HpCO) rather than the B axis (as Hz0) since
near degenerate interacting pairs of rotational levels occur regularly for
each J value.
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