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A millimeter-wave molecular-beam maser has been made to operate as both an amplifier
and an oscillator on the J=1—0 and the J=2— 1 transitions of HCN at 88.6 and at 177.2 kMc/
sec, respectively, thus doubling the previously operational frequency range of such masers.
With this maser, hyperfine components of these transitions have been measured for H2clN
and D2CMN to nine significant figures. The spectral constants (in ke/sec) that are derived
from these frequencies are, for HCN, B(=44315975.7+0.4, Dj=87.24+0.06, (eQq)N=
—4709.1+1.3, and C=10.4+0.3; for DCMN, B(=36207462.7+0.2, Dy=57.83=0.04,

(€Qq) =—4703.0£1.2, C(=8.4+0.3, (eQq)y=194.4%2.2, and Cp==0.6=0.3.

INTRODUCTION

Molecular-beam techniques provide the highest
resolution and make possible the most accurate
measurement of molecular spectral frequencies
of any known method. Although the beam maser
was first successfully operated! in1954, it has,
to date, been used to measure the spectral tran-
sitions of only a few molecules, notably the inver-
sion spectrum of ammonia, NH,;, and NH,D, and
rotational transitions of the asymmetric-top
molecules H,O, HDO, D,0, HDS, HDSe, H,CO,
and HDCO. These transitions all occur in the
centimeter-wave region. There are several
reasons for this. Microwave techniques become
increasingly more difficult as they are extended
into the millimeter and submillimeter region,
and detection sensitivity decreases rapidly.
Maser techniques require transitions with rela-
tively large populations and favorable state-
selection properties. Both of these are provided
by the above types of molecules. Linear and
symmetric-top molecules without inversion result

in either poor population (molecules with small
rotational constants) or transitions outside the
centimeter region (molecules with large rotational
constants). The state selection is also most ef-
fective for the closely spaced doublets of the NH,
inversion spectrum and of the light asymmetric
molecules.

Two molecular-beam masers have previously
been made to operate in the millimeter-wave re-
gion. Marcuse? succeeded in obtaining maser ac-
tion, both amplification and oscillation, with the
J =10 rotational transition of HCN at 88.6 kMc/
sec, but he did not make high-precision measure-
ments of the frequencies. Likewise, Krupnov and
Skvortsov® constructed a molecular-beam maser
which operated successfully on the 1, = 0,, transi-
tion of H,CO at 72.8 kMc/sec, but they did not, to
our knowledge, measure the spectral frequencies.

We have constructed an HCN beam maser which
operates as amplifier and oscillator, not only on
the hyperfine transitions of the'J =1 -0 transition,
but also on the J =2~ 1 hyperfine transitions which
fall at 177.2 kMc/sec. Thus we have succeeded
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in doubling the operable frequency range of the
molecular-beam maser. Coupled with our maser
is a marker system which permits measurements
of the frequencies to nine significant figures. With
it, we have been able to measure the rotational
constants of the ground vibrational state of HCN
and DCN to a precison not previously achieved for
any molecule.

In a recent development, * to be described in a
later publication, we have extended the operation
of the molecular-beam maser into the submilli-
meter-wave region, using the 1,,—1,, transition
of D,O at 316 kMc/sec (A =0.95 mm).

Gaseous lasers have been made to operate at
some frequencies in the far infrared and in the
submillimeter-wave regions, and frequencies of
a few of them have been measured® with micro-
wave techniques to a precision of 1 Mc/sec. This
accuracy is not comparable to that of 1 ke/sec
achieved here with the beam maser. The greater
accuracy reported here is due primarily to the
elimination of Doppler and pressure broadening
in the molecular-beam maser.

EXPERIMENTAL ASPECTS

The apparatus used in these experiments is
shown in Fig. 1. It is similar in certain respects
to the conventional centimeter-wave molecular-
beam maser; however, it differs in several im-
portant aspects. The most significant change is
the replacement of the low-order-mode cylindri-
cal cavity commonly used in centimeter-wave
masers by a high-order- mode Fabry-Perot cavity.
To take advantage of the increased frontal area
presented to the beam by the Fabry-Perot cavity,
the usual single molecular beam was replaced with
a multiple-beam arrangement, as was done in the
previous millimeter-wave masers. 2:®> These beams
were formed by a number of sections of needle
tubing embedded in one side of a flat, rectangular
box. The state selector consists of a number of
stacked quadrupole fields separated by cooled cop-
per fins which served to trap deflected and scat-
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FIG. 1. Diagram of the molecular-beam maser.

tered molecules and helped to maintain the vacuum
necessary for the molecular beam. The cavity con-
sists of one fixed flat plate that had a diameter of 4
in., with waveguide coupling, and one spherically
curved plate mounted on a slide arrangement.

The cavity was tuned by the driving of this slide
with a screw arrangement connected to a rotary
vacuum feedthrough. The cavity spacing is ap-
proximately semiconfocal. After the beam
traversed the state selector and cavity, it was
trapped on a surface cooled to the temperature of
liquid nitrogen. The entire apparatus is enclosed
in a vacuum chamber capable of being evacuated

to about 2X10"® mm Hg. This vacuum is provided
by a 4-in, diffusion pump and liquid-nitrogen cold
traps. These traps provide a simple and effective
means for the handling of the pumping load caused
by the relatively large amounts of gas in the beam.

The microwave measurement and detection sys-
tem is shown in Fig. 2. The fundamental frequen-
cy reference was provided by a General Radio
1115-B high-stability 5-Mc/sec crystal oscillator,
the frequency of which was continually compared
against WWVB by a Hewlett-Packard 117A VLF
receiver and phase comparator. This system is
accurate to about one part in 10°, The 5-Mc/sec
signal from the oscillator was multiplied in an
harmonic multiplier chain to 1080 Mc/sec and
then mixed, along with a phase-related 180-Mc/
sec signal, in a 1N26 crystal with part of the
Klystron output., The resulting rf signal was
split into two parts. One part was fed back into
an automatic frequency control loop to provide
the stability in klystron frequency necessitated
by the narrow maser lines, The remainder was
used to provide the necessary frequency markers
for measurement of the spectral line frequencies.
Beating the marker signal with the output of a stable
variable-frequency oscillator (VFO), rather than
with the internal beat-frequency oscillator of the re-
ceiver, eliminated the error due to frequency drift
of the high frequency oscillator in the marker re-
ceiver. The frequency of the VFO was measured
with a counter.

The detection system is a superheterodyne re-
ceiver which employs the same klystron for har-
monic mixing and harmonic generation. This
system has good sensitivity and stability.
Furthermore, it is simpler to use and is more
economical than a system which employs separate
klystrons for the two operations. The output of
the klystron was split into two parts. One part
was applied to a crossed-waveguide harmonic
generator along witha 30-Mc/sec rf signal. There-
sulting sideband at #v + 30 Mc/sec (n=2 or 3 for
the transitions reported here) was used to stimu-
late the maser cavity. All other sidebands and
harmonics were efficiently filtered out by the
high-@ cavity. The output of the maser was
mixed in a crystal harmonic mixer with the kly-
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stron signal, and the resulting 30-Mc/sec signal
was then amplified in an i.f. strip and applied
either to an oscilloscope or a lock-in amplifier.
With the lock-in system the reference modulation
was obtained by application of a high-voltage ac
signal of about 90 cps, in addition to the dc bias
on the state selector. This procedure modulated
the state selection, resulting in amplitude modula-
tion of the output of the maser.

The theory of molecular-beam masers operating
at centimeter wavelengths, as well as the results
obtained with them, has been the subject of exten-
sive treatment. Much of this applies also to
masers operating at higher frequencies. There
are, however, several significant differences
which we shall discuss here. One of the most
important of these is the replacement of the cylin-
drical cavity with a Fabry-Perot cavity. At-
tempts at scaling down centimeter cavities to
millimeter wavelengths have not been too suc-
cessful. Unfortunately for this approach, the @
is proportional to v~*/2, the linewidth to v, and
the amount of beam admitted to the cavity to v~2.
All of these factors have negative effects on the
operation of a maser and contribute to the need
for changing to another type of cavity. The
Fabry-Perot cavity has high @ (in our maser,
300000 at 88.6 kMc/sec and 500000 at 177. 2
kMc/sec), alarge frontal area to admit the beam,
and a sufficient spread of the microwave field to
give sharp spectral lines. The large volume of
the Fabry-Perot cavity cancels some of this ad-
vantage by reducing the filling factor, thus mak-
ing oscillation more difficult. This disadvantage
can be partially overcome by use of a multiple-
beam arrangement, but usable state-selector
geometries continue to result in a filling factor
somewhat smaller than that of the usual
centimeter-wave cavity. When all factors are
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considered, the Fabry-Perot cavity, at short
millimeter wavelengths, is comparable in over-
all performance to the cylindrical cavity at
centimeter wavelengths, and is much superior

to the cylindrical cavity scaled down to the shorter
millimeter wavelengths.

The state-selection process for low J states of
linear molecules differs from that for the close-
lying doublets previously used for centimeter-
wave masers. Molecular-beam masers employ
selective deflection of molecules in different en-
ergy states to achieve population inversion. The
electric fields in quadrupole state selectors are
such that molecules in states that increase in en-
ergy in a Stark field are focused into the beam,
whereas those molecules in energy states that de-
crease are deflected out of the beam. Figure 3
shows the Stark effect on the J=0, 1, and 2 levels
of HCN and their relative deflection in the strong-
field case. Since the state selection takes place
at high electric fields, the appropriate quantum
numbers are myand my. However, the maser
operates in zero field, where F and mf are the
appropriate quantum numbers. Thus, if the
state-selection process is to be understood, the
strong-field levels must be associated with the
zero-field levels which they collapse into, as
the electric field goes from its maximum in the
state selector to zero in the cavity. In principle,
one might do this by solving the intermediate-
field Stark effect for several values of Stark field
and following each level from high-field to low-
field approximations. There is, however, an
easier method. The two following rules estab-
lished a unique correspondence between the two
sets of quantum numbers: () mp=m; +my =m;
(b) in the adiabatic transition from the zero-field
states to the high-field states, states having the
same m do not cross. ®
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FIG. 3. Energy-level diagram showing Stark effect
of HCN.

The deflection due to state selection for HCN
molecules in the J =0 state is approximately
twice as great as thatfor NH, molecules intheJ =3,
K =3 inversion state. Thus, from Fig. 3,the
transition labeled v=1 has state selection some-
what more favorable than that of NH;; v=2, with
part of its upper state deflected out of the beam,
has about the same quality; and v =3 has consid-
erably worse, because both upper and lower lev-
els are deflected out of the beam — although the
lower level, fortunately, is deflected more rapid-
ly. The state selection in J=2-1 is quite inter-
esting. All of the deflections are less than those
of NH,, some considerably less. However, a
new situation now occurs: Some of the J=2—~1
hyperfine components will appear in the output
as state-selected absorption lines. The transi-
tionlabeled v = 8 has the ideal type of state selection
for emission: Theupper level is focused entirely
into the beam, and the lower level, entirely out
of the beam. As a result, this line is the strong-
est one in the maser output and was, therefore,
used for the maser oscillator. It is strongest
even though in absorption spectra it accounts for
only 8% of the total transition intensity. Another
emission line is v=6, with its lower level de-
flected entirely out of the beam and its upper
level exhibiting a mixed state selection. The
other three components v=4, 5, and 7 are all ab-
sorption lines. The strengths of these absorption
lines are considerably enhanced by the state-
selection process because the resulting popula-
tion difference between their upper and lower
states is considerably larger than the 3% pro-
vided by the Boltzmann distribution.

Oscilloscope tracings of the maser oscillators

are shown in Fig. 4. The tracing on the left is
that of the J=1-0 oscillator; the one on the right
is that of the J =2 —1 oscillator. They were made
with a system similar to that shown in Fig. 2, ex-
cept that the 30-Mc/sec signal was removed from
the harmonic multiplier, and the stimulating sig-
nal was thereby removed from the maser cavity.
Figure 5 shows the hyperfine tracings of the J=1
-0 transition of DCN. Each of the pictures shows
one of the nitrogen quadrupole components: The
F=1and F=2levels in 5(a) and 5(b), respectively,
show the splitting due to the deuterium; the line
resulting from the F=0 level [shown in 5(c)] is
not split. The experimental linewidth shown here
is of the order of 10 kc/sec at a frequency of ap-
proximately 72 000000 kc/sec. This is a better
line @ than is achieved in the usual centimeter-
wave maser. Doppler width at this frequency is
about 200 kc/sec, which in the usual absorption
spectrometer would completely obscure the deu-
terium coupling and would prevent evaluation of
(eQq)p and Cp.

SPECTRAL FREQUENCIES
AND MOLECULAR CONSTANTS

An improvement by two orders of magnitude
in the rotational constants for HCN and DCN has
been achieved. In the present work the frequen-
cies are measured to an accuracy of about one
part in 108,

The rotational transitions of H*2CN are split
by nuclear hyperfine structure due to the nitrogen
nucleus. Although a slight splitting caused by

FIG. 4. Oscilloscope tracings of output of maser
oscillator at 88.6 kMc/sec (left) and at 177.2 kMc/sec
(right).
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FIG. 5. J=1—0 spectrum of DCN showing the deuterium splitting of the nitrogen quadrupole lines. (a) F=1;

(b) F=2; (c) F=0.

the magnetic coupling of hydrogen is expected,
this was too small to be resolved. The nitro-
gen interaction gives rise to a triplet in the J=1
-0 transition and to a sextet in the J=2 -1 tran-
sition. Only five components of the sextet were
measured. The weakest component, F=1-2,
which is only 3% of the total transition intensity,
was not measured.

The energy formula, in frequency units, ade-
quate to account for the observed frequencies is

E:ER+EQ+EM , (1)
where ER=BOJ(J+1)—DJJ2(J+1)2 , (2)
) %C(C+1)—I(I+1)J(J+1)>

EQ"qu< 21021 - 1)(27 - 1)(2J +3) / ®)
EM=§ch , (4)
where C=F(F+1)-J(+1)-1(+1) , (5)
F=Jd+1, J+I-1,...,|J~1], (6)

and I=1, for “N. (")

In these expressions, B,=//877%, is the usual ro-
tation constant, Dj is the centrifugal stretching
constant, /=1 is the spin, eQq is the nuclear
quadrupole coupling constant, and CN is the nu-
clear magnetic coupling constant of nitrogen.
Because of the small values of the nuclear cou-
pling constants and the large B, values, higher-
order terms in E and E p; do not produce ob-
servable effects. Higher-order effects in the
centrifugal stretching are not detectable because
of the small J values of the observed transitions.
The values for the four spectral constants were
obtained by a least-squares calculation of the dif-

ference between the measured line frequencies
and the frequencies calculated from the spectral
constants. This calculation was performed on
an IBM 360/75 computer; the resulting fit of line
frequencies is shown in Table I, and the spectral
constants are given in Table II. The errors
shown are statistical probable errors, based on
a method due to Topping.”

The energy expression for DCN is appreciably
more complicated than that for HCN, because of

TABLE 1. Fitting of line frequencies of HCN (in
ke/sec).

Transition Observed Calculated Av
J=1—-0 F=1—1 88630415.7 88630414.7 1.0
F=2—1 88631847.3 88631848.3 —-0.9

F=0—1 88633 936.0 88633936.1 ~-0.1

J=2—1 F=2—2 177259676.7 177259677.4 -0.7
F=1—0 177259923.3 177259923.3 0.0
F=2—1 1772611104 177261111.0 -0.6
F=3—2 177261223.2 177261222.3 0.9
F=1—1 177263445.0 177263 444.7 0.3

TABLE II. Spectral constants of HCN and DCN from
measurements with the molecular-beam maser (in
ke/sec).

Di2cly
Observed value

H2clN
Observed value

B, 44315975.7 +0.4 36207462.7 +0.2
DJ 87.24 +£0.06 57.83+0.04
(qu)N —-4709.1 +1.3 -4703.0 +1.2
CN 104 +0.3 8.4 +0.3
(eQq)p 194.4 +2.2
Cp -0.6 £0.3
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the additional nuclear coupling of deuterium.
The analysis of the rotational hyperfine struc-
ture for a linear rotor having two nuclei with
quadrupole coupling was originally worked out
by Bardeen and Townes.® A more convenient
expression for the secular matrix elements,
which employs the tabulated 6J Wigner coef-
ficients, ° has been outlined by Thaddeus,
Krisher, and Loubser. *°

When magnetic as well as nuclear quadrupole
interactions are included, the nuclear-interac-
tion Hamiltonian for D*?C*N can be expressed
as

2 el =% Q(N) +3¢, (N) 43¢ Q(D) +3¢, (D) , (8)

which has the specific value

Gcnucl = (quJ)N
2J(2J — 1)1N(21N -1)

x[3(Tg - 32+ 3y ) - 177

. . (eq ),
+ONIN I agaa = VAN CTREY

-

><[3(I'D-3)2 +%(fD-3)-fD232]+cDID-ZT ,
(9)
where (eQq )=~ (eQq)[7/(27 +3)], (10)

and where ¢ is the molecular-field gradient at
the particular nucleus (nitrogen or deuterium)
referred to the molecular axis. The usual quad-
rupole constants of nitrog*en_,and deuterium are
(eQg)y and (eQq)p. The I-J terms represent
the magnetic couplings, where CN and Cp are
the magnetic coupling constants for nitrogen and
deuterium, respectively.

The solution of the two-quadrupole problem is
facilitated by the choice of the proper coupling
scheme. In this case, the appropriate coupling
is

=F_ (11)
(12)

Since the nitrogen coupling is considerably larger
than the deuterium coupling, this results in
relatively small off-diagonal matrix elements.

A single secular determinate was formed for

the hyperfine levels of the J=0, 1, and 2 rota-
tional states by use of the transformation formu-
las given by Thaddeus et al.!° This results in a

19X 19 matrix with undetermined coefficients.
This was solved by the following procedure.
Since the off-diagonal elements are small, a first-
order least-squares fit is a good approximation to
the final solution. The resulting first-order con-
stants were then used for calculation of the ma-
trix elements for the entire matrix. This matrix
was then diagonalized, and the resulting calculated
line frequencies compared with those obtained in
the first-order fit. The differences in these val-
ues were then used for adjustment of the measured
line frequencies before their reinsertion in the
least-squares fit. The entire process was then
iterated. At the end of each iteration, the original
measured line frequencies were compared with the
results of the diagonalization of the secular matrix.
Convergence was obtained in about three iterations.

The resulting fit of line frequencies from this
calculation is shown in Table III, and the spectral
constants are shown in Table II.

Since the relation!!

(c,.) =[(B.)

N'DCN 0°'DC N/(B

Ic (13)

O)HCN N)HCN
holds, an independent check of the accuracy of the
spectral constants can be made. Substitution of
the values found in this study for (Bo)pcn,
(Bo)ucn (CN)gen into Eq. (13) results in the
value (CN)poN=8.5 ke/sec. In excellent agree-
ment, and well within the stated probable errors,
is the experimental value of 8.4 kc/sec. A simi-
lar procedure can be used for evaluation of the un-
observed Cy:

=B uen’Bopen)&u/8p)Cp » (14)

where gy and gp) are the gyromagnetic ratios of the
hydrogen and deuterium, respectively. Use of Eq.
(14) and the results obtained for the DCN molecule
reveals that Cyy=-4.8 kc/sec. This small value
explains the lack of observed hydrogen splitting

in the HCN spectra.

The J=0-1 transition of hydrogen cyanide was
the first spectral transition to be observed with
microwave methods at wavelengths below 4 mm.
In the preliminary observations, !2 the frequency
was measured with a cavity wavemeter only, but
shortly thereafter, in 1949, the hyperfine multi-
plet of the J =0 -1 transition was measured!® for
both HCN and DCN with a precision frequency
standard monitored by station WWV. A 30-Mc/
sec error, due to an incorrect choice of frequency
markers, was corrected in an erratum.!® Be-
cause only the J=0-1 transition was observed, the
centrifugal stretching constant Dy could not be
found. The infrared value of Djy=0.099 Mc/sec
was used in calculation of B,. Nevertheless, the
B, values thus determined in these early experi-
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TABLE III. Fitting line frequencies of DCN (in ke/sec).

Transition Observed Calculated Av
J=1—0 Fy=1—1 Fp=1—0,1,2 72413 484.3 72413 483.7 0.6
Fy=1—-1 Fp=2—1,2 72413514.3 72413514.1 0.2
Fy=1—1 Fp=0—0,1 72413 558.4 72413559.2 -0.8
Fy=2—1 Fp=1—0,1,2 72414 905.4 72414 905.8 -0.4
Fy=2—1 Fp=3—2 72414 927.0 72414 927.3 -0.3
Fy=2—1 Fp=2—1,2 72414 973.2 72414 972.4 0.8
FN=0—1 Fp=1—0,1,2 72417 029.7 72417 029.7 0
J=2—1 FN=1—0 Fp=1—1 144826 841.4 144 826 841.2 0.2
FN=1—0 Fp=2—1 144 826 809.7 144 826 809.9 —-0.2

ments result in line frequencies which are well
within the error limits of + 300 kc/sec for HCN
and +200 kc/sec for DCN, as stated in the early
work. Even so, the accuracy of the present val-
ue for B, for both H*2C**N and D*2C*N is more
than two orders of magnitude greater than that

of the earlier measurements. We believe that
the present values for B, in HCN and DCN are

the most accurate rotational constants determined
for any molecule.

When instruments for higher millimeter and
submillimeter frequencies became available,
microwave measurements of the stretching con-
stant Dy were made. ** Although the previous val-
ue of 90.4 kc/sec for Dy in HCN is definitely too
high, that of 57.4 ke/sec for Dy in DCN agrees
very well with the present one. The earlier val-
ue of —4.714 Mc/sec for (eQq)y that was obtained
by Bhattacharya and Gordy'® for HCN is in excel-
lent agreement with the present maser value.

COMPARISON OF OBSERVED AND
THEORETICAL VALUES OF ( qu)D

Beginning with the work of Bassompierre, '
several predictions of the field gradient at the hy-
drogen nucleus in HCN have been made with molec-

ular orbital theory!”™ 1° by use of different basis
functions. Previously, no reliable experimental
test of these predictions could be made for the
following reasons: Despite the fact that the nitro-
gen quadrupole coupling in HCN was known with
good accuracy, !° the field gradient ¢ could not be
derived with comparable accuracy from the mea-
sured (qu)N because the value of quadrupole mo-
ment @ of nitrogen was relatively uncertain. For
deuterium the reverse was true, i.e., the quadru-
pole moment of deuterium was accurately known,
but the (qu)D in DCN had not been measured with
significant accuracy — only to +40%.2° The pres-
ent measurement of (eQq)p with the known @ pro-
vides a critical test of the molecular orbital cal-
culations and assumed basis functions in DCN (or
HCN).

Since it seems probable that the theory which
predicts correctly the field gradient at the deu-
terium nucleus would also provide the best values
for the field gradient at the N nucleus, this test
also indirectly provides a more reliable value
for the nitrogen quadrupole moment. The theory
of Bonaccorsi, Scrocco, and Tomasi'® predicts
a value of 208 kc/sec for (eQq)p, in good agree-
ment with the experimental maser value. (See
Table IV). Their theory with the observed value

TABLE IV. Comparisons of theoretical and observed deuterium quadrupole coupling of DCN (eQq in ke/sec).

Theoretical
Kern and Mc Lean and O’Konski and Bonaccorski, Scrocco,
Karplus? Yoshimine Ha® and Tomasi9
+310 +208.2 301.7, 239.8 208
Experimental
White® De Lucia and Gordy
+290+120 194.4+3

4C. W. Kern and M. Karplus, J. Chem. Phys. 42,
1062 (1965).

bQuoted by O’Konski and Ha, Ref. c.

®C. T. O’Konski and T.-K. Ha, J. Chem. Phys. 49,

5354 (1968).

dR. Bonaccorsi, E. Scrocco, and J. Tomasi, J. Chem.
Phys. 50, 2940 (1969).
©L. White, J. Chem. Phys. 23, 253 (1953).
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for (eQq)N leads to Q(**N)=1.66x10"% cm?. The
recent evaluation by O’Konski and Ha!® yields a
value for Q(**N) of 1.56x10-% ¢m?, but their
predictions of values for (qu)D from different sets
of basis functions (see Table IV), do not agree well
with the measured value of (qu)D. These authors
quote unpublished calculations by McLean and
Yoshimine of (eQq)p =208.2 kc/sec and a result-
ing Q(**N)=1.64x10"% cm?, which agree with the
predictions of Bonaccorsi et al.!® A value of
Q(**N)=1.6%x10"% cm? has been derived from the
combined quadrupole and magnetic coupling in

NO by Lin.?' None of these derivations has in-
cluded the Sternheimer correction, 22

STANDARDS OF FREQUENCY AND WAVELENGTH
FOR THE INFRARED REGION

Attempts have been made to obtain the speed
of light by comparison of the B, value of HCN,
measured in wavelength units by infrared tech-
niques, with the microwave value of B,, measured
in frequency units.?® As a result of the experi-
ments reported here, the microwave value of B,
is now about two orders of magnitude more ac-

curate than the infrared-wavelength measurement,
and is considerably more accurate than the value
for the speed of light. A significant improvement
in the infrared-wavelength measurement is needed
to provide a better value of the speed of light.
However, it seems unlikely that such an improve-
ment will be made in the near future. Thus the
most promising use of the present microwave
value is its combination with the known speed of
light to determine wavelength, or distance, more
accurately.

One of the most important requirements for the
useful development of the far-infrared region of
the spectrumisthe existence of accurate standards
of frequency and wavelength. At present, the ac-
cepted standards are transition frequencies of
CO, N,O, and HCN.?* These are derived from
rotational spectral constants which are, in turn,
derived from rotational-vibrational spectra in the
near infrared. The spectral constants resulting
from this beam-maser experiment are, however,
considerably more precise than the infrared
values; they can serve as improved standards of
frequency, and when coupled with ¢, as wave-
length standards for the far-infrared region.
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FIG. 4. Oscilloscope tracings of output of maser
oscillator at 88.6 kMc/sec (left) and at 177.2 kMc/sec
(right).



