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Molecular beam maser technigues have been developed in the shorter millimeter region 5
P

and extended into the submillimeter region of the spectrum. Molecular beam oscillators
with small amounts of highly stable power have been operated at §8.6 and 177.2 GHz.

Amplification has also been achieved at frequencies of 57.7, 72.4, 144.8, and 317 GHz.
The molecular beam maser effectively eliminates the Doppler and collision broadening
which is inherent in conventional gaseous systems. The resuliing high resolution

has been used to achieve the most accurate measurements of molecular rotaticnal con- :
stants to date. The rotational constant, B,, for the ground vibrational states of Y0y .
is 44,315,975.7 0.4 kHz, and that of D'’C™N is 36,207,562.7 0.3 kHz. i

i

£

l. INTRODUCTION ¥

Several years ago in an earlier conference of this series one of us described 5
experimental methods and spectral measurements with microwave techniques in ¥
the wavelength region of 5to 0.5 mm [1]. A later survey of the 4 to 0.4 mm re- ;
gion was given at the Fifth European Congress of Spectroscopy (2], These mea- £
I

surements were made with a crystal harmonic genesrator and detector with fre-
quency markers multiplied from the standard radio frequency signals broadcast

by station WWV. Our laboratory at Duke University has now extended to
submillimeter-wave frequencies the operation of the valuable molecular bram
maser. This maser will bring a new order of resolution and accuracy in frequency
to submillimeter-wave spectral measurements, and it will provide & lew-noise am-
plifier and an oscillator of high spectral purity (high Q) for future technelogical
applications of submillimeter waves. So far, we have succeeded in increasing

the operational frequency over previous beam masers by a factor of 3.5 in achiev-
ing maser amplification of the submillimeter-wave D,0 line at 317 GHz (A = 0.95
mm). The results encourage us to think that we can reach still higher frequen-
cies with this device.

As is evident from a number of other vapers being presented at this confer-
nce, the optically pumped and chemically or electrically excited gaseous lasers
have been successfully operated at certain submillimeter-wave irequencies. Al-
though such devices have many potential applications and generally provide
higher power than does the beam maser, they do not have the stability of fre-
quency, the resolving power, and the low-noise figure achievable with the molec-
ular beam maser which circumvents both Dogpler and collision breadening.

The first maser to operate successfully was a molecular beam device of Gor-
don, Zeiger, and Townes {3], which employed the J = 3, K = 3 inversion transi-
tion of NH; at 24 GHz. A short-tern frequency stability of 4 parts in 10!2, a
neise figure approaching unity, and exceptionally high spectrel purity were the
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outstanding features of this new device. Since this first success in 1954, re-
searchers have endeavored to extend the frequency range of maser operation and
‘0 expand its applications. Out of this research have come the various lasers
which operate in the optical and infrared regions, the various solid state masers,
and the molecular beam masers which operate in the centimeter and millimeter
wave regions of the spectrum, to frequencies as high as 88.6 GHz. Table I pro-

TABLE L Centimeter wave molecular beam masers.

MOLECULE FRF{'S":{E?CY TRANSITION REFERENCE
h 4
NH, 24,000 various a
inversion
transitions
NH,D 18,808 3,5 — 304 b
H,0 22,235 616 — S,s c
HDO 10,278 2,0 — 2y, d, e
8,578 Tay = Tas f
D,0 10,919 31— 2, e
10,947 4, — 5, f
HD'0 10,374 250~ 2,, g
CH,0 14,487 2, — 2, d
28,975 35 3, h
CHDO 16,038 2, — 2, d
HDS 11,283 2,0 — 25, d
HDSe 9,139 20— 2,, c

a. Gordon, Zeiger, and Townes [3]

b. Thaddeus, Krisher, and Cahill [4]

c. Bluyssen, Dymanus, and Verhoeven [5]
d. Thaddeus, Krisher, and Loubser [6]

e. Bluyssen, Verhoeven, and Dymanus [7]
f. Verhoeven, Bluyssen, and Dymanus [8]
g. Verhoeven, Dymanus, and Bluyssen [9]
h. Takuma, Shimizu, and Shimoda ‘[10].

vides a summary of molecular beam masers which have been operated in the cen-
limeter wave region. All of the transitions on which these are based are between
:solated doublet levels separated by centimeter wave frequencies. Prior to our
wOrK, only two of these molecular beam masers have been made to operate in the
zillimeter-wave region, both near 4 mm., Marcuse achieved beam maser operation
on the 88.6 GHz transition of HCN [11-13] and Krupnov and Skvortsov, on the
72.8 GHz transition of CH,0 [14-16). In addition to these, a number of proposals
zave been made to operate molecular beam masers on various types of transitions
1n the millimeter and submillimeter region {17-22]. To our knowledge, however,
caly the few listed in Table II have been successfully operated,

Il. GENERAL PROPERTIES OF THE MILLIMETER AND ,
SUBMILLIMETER MOLECULAR BEAM MASER

Vs

Since the molecular beam passes through the cavity at right angles to the di-
rection of propagation of the microwave field, Doppler broadening is virtually

-
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TABLE II. Operational millimeter and submillimeter molecular beam masers.

MOLECULE FREQUENCY TRANSITION REFERENCE
(nHZ)
ND,H 57,675 1, — 1, a
DCN 72,415 J=1—0
CH,0 72,838 1, — Ops c
HCN 88,632 J=1—0 g
HCN 88,632 J=1—0 b
DCN 144,830 J=2—1 b
HCN 177,263 J=2—1 5
D,0 316,800 1,0 — 1o, b

a. De Lucia, Cederberg and Gordy [23].
b. De Lucia and Gordy [24].

c. Krupnev and Skvortsov [14—16].

d. Marcuse [11-13].

eliminated in the beam maser. Because the Doppler broadening increases directly
with spectral frequency, this feature is of great significance for the high fre-
quencies of millimeter and submillimeter wave spectra. Collision brozdening of
the lines is also negligible in the beam maser because the pressure in the molec-
ular beam must be such that the mean free path for a molecule emerging from the
beam source is greater than the distance through the cavity. As a result, the pre-
dominant line-broadening mechanism is the time of flight in the cavity. This line-
width is given to a good approximation by

Av=1/t=v/L , (1)

where: t is the time of flight in the cavity, Vis the average velocity of the mole-
cules, and L is the distance through the cavity. For tvpical cases this is a Av
of about 5 kHz.

Population inversion for molecular beam masers is obtained by the selective
deflection of molecules according to their energy state. This is most often ac-
complished by the action of an inhomogeneous electric field on the dipole momen:
of the molecules. The electric field is usually produced by a quadrupoie focuser
in which the field rises from zero at the center, in approximately a linear fashion,
to a maximum at the outer edges. A good approximation to this field is

E=E,, — @)

- Fr:~"—u (3)

and since a seccnd-order Stark effect is assumed

W=CE? | 4
it follows that
-2CE ﬁ,ax r
Fr = 2 . (5)
T
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Equation (5) indicates that for molecules in states which increase in energy with
increasing electric field (C positive), the force is toward the center. Molecules
.n states for which energy decreases with increasing electric field (C negative)
are deflected toward the outside of the state selector,

The molecular force constant, C, has been defined by Equation (4). Accurate
values for-it may be obtained from the theory of the molecular Stark effect; for
linear and diatomic molecules in the J = 0 state

Wb ®)

and for J # 0
ulE? JJ + 1)-3MJ2

" : @
2hBJ(J ~ 1) (2] - 1)(2] + 3)
For asymmetric molecules in which pE << W9_ - W?,T,
W= Z ﬁi{ii Z _]_2 - M7 *Sie -1+
— 21T @D WY~ WOy
M Sizas (J+ =M Sp ;e ®

CTU D W w9, T U D@ 3) Wi - Wy

where: a, b, and c are the principal axes, W?f is the unperturbed energy of the ro-
tational state, and the X~ is taken over all states except J .

For any molecule having a relatively closely spaced pair of levels which are
connected by an allowed transition and are simultaneously widely spaced from all
other levels connected by allowed transitions, the Stark effect is

WO+ WY #o — w9\’ 12
Ve :[( - + E2 |y, , ©)

where: WY and W9 are the zero-field energies and p,, is the dipole transition ma-
rix element. In this case the energy is not strictly proportional to the square of

the electric field. Nevertheless, “‘C’’ can still be defined by assuming an ‘‘aver-

zge’” field of 50,000 V/cm. This yields

i,/"l2 12
=+
©0 (W9 - W%\z /2 ° o
[\ W;T_/ = (50,000)2 | £y, |2

This last tvpe of Stark effect is, in fact, that most often used in molecular beam
masers. Virtually all centimeter masers are based on transitions of this type.
The most important factors for state selection are the amount of deflection that a
molecule undergoes and whether this amount of deflection is sufficient to focus .
molecules in the upper state into the beam, or to remove molecules in the lower
state from the beam. S
A cavity of high quality is of paramount importance to the successful opera-
tion of a molecular beam maser. High Q and good transmission are two somewhat
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rx:xutually exclusive properties, both of which are important to the millimeter and
submillimeter wave maser. Centimeter wave masers have used low-order-mode
cylindrical cavities almost exclusively. One approach to the high-frequency ma-
ser is a simple scaling down of these cavities. Unfortunately for this approach,
the Q is proportional to v~!/2 the linewidth to v, and the amount of beam admitted

to the cavity to 1172,

All of these factors have negative effects on the operation
of a maser and contribute to the need for change to another type of cavity. The
Fabry-Perot cavity has high 9, a large frontal area to admit the beam, and a suf-
ficient spread of the microwave field along the direction of the beam to give sharp
spectral lines. The large volume of the Fabry-Perot cavity cancels some of this
advantage by reducing the filling factor and thus making oscillation more diffi-
cult. This disadvantage can be partially overcome by the use of a multiple beam
arrangement, but usable state selector geometries continue to cause a filling fac-
tor somewhat smaller than that of the usual centimeter wave cavity. When all
factors are considered, the Fabry-Perot cavity at short millimeter and submilli-
meter 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 wavelengths.

The Q of an unloaded Fabry-Perot cavity is easily shown to be

7q

" GpEew) 7 b

where ¢ is the number of half wavelengths between the mirrors, w is the angular
frequency of the radiation, p is the resistivity of the cavity mirrors, and &4 is the
permittivity. Since, for a given separation of cavity mirrors, q is proportional

to w

Qeowl/? (12)
For a cavity with flat mirrors, the resonance condition is simply
2d
— =q . 13
N9 13)

When one of the mirrors has a spherical zurface, the relation becomes [25]

4d b-2d
—)\—:2(I+(1+m+n)[l—f—ltan'1<;+ id).}’ (14)

-

where g =2, 4, 6, ..., dis the mirror spacing, b is the radius of curvature of the
spherical mirror, and m and nn are integers representing the number of field minima
over the surface of the reflecting mirrors. The use of a long (b >> d) focal length
mirror results in a ‘‘harmonic series’’ of cavity modes very similar to those of a
diatomic molecule. The rescnance condition for a TE(q, mode reduces to

ad 4 b-2d
T o2gaf1- T “( al.
A q+[ e b+2d>] (1>

The last term on the right reduces to a value << 2q when b >> d and thus plays
the role of the ‘‘stretching constant’’ for the cavity series. As'a matter of prac-
tical microwave technique, this result is as important to the tuning of a
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high-frequency cavity system as the harmonic series of a linear molecule is to the
tuning of a waveguide absorption spectrometer. This method has the added ad-
vantage of being tunable; the “‘harmonic series’’ can be used at any frequency
and is not restricted to frequencies determined by the B, values of available
tuning molecules.

ll. MOLECULAR BEAM MASER FOR MILLIMETER
AND SUBMILLIMETER WAVES

A diagram of the molecular beam maser for the millimeter and submillimeter
region of the spectrum is shown in Figure 1. Its operation requires a vacuum

GAS MICROWAVES
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Fig. 1. Diagram of the millimeter and submillimeter molecular beam maser.

such that the mean free path of the collimated molecules with respect to the re-
sidual gases is measurably greater than the distance from the beam source to the
cavity. Under this condition. the intensity of the beam will be limited only by
collisions tetween the molecules in the beam. In round numbers, a pressure of

- 1073 Torr vields a mean ‘ree path of greater than 30 cm. The vacuum cham-
ber used for these maser experiments is a rectangular box, open on top, 1 ft wide,
2 ft long, and 1 ft high. The top is formed by a piece of plexiglas 1% in. thick.
The vacuum seal is provided bv a gasket held in place by a retaining lip around
the inner edges of the chamber walls. U timately, pressures of 2 x 107% Torr
without cold traps and 107" Torr with liquid nitrogen trapping could be
achieved.

The pumping for this vacuum chamber is provided by a CEC type PMC-720
4-in. diffusion pump with & nominal pumping speed of 500 {/sec. This diffusion
pump is backed by a Welch 1397 B 15 cu. ft/min fore pump. This relatively sim-
ple vacuum system and pumping equipment gives good results with a minimum of
attention. During maser operuation the number of molecules in the beam is far too

[y
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lazge Tor any reasonable pumping system to maintain the necessary vacuum, but
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cryogenic pumping provides a simple solution to this problem. Several traps. in
addition to parts of the state selector, are cooled to liquid nitrogen temperature.
Since most gases used in molecular beam masers have vapor pressures consider-
ably below 107° Torr at liquid nitrogen temperature, effective pumping speeds are
achieved which are greater by several orders of magnitude than those obtained by
conventional pumps.

Because it is desirable to be able to state-select a wide range of transitions,
a state selector providing good defiection gualities as well as a large filling fac-
tor is needed. The design used is conventional in that it employs quadrupole de-
flection fields. The state selector consists of seven bays of 20 rods each, bi-
ased alternately. Cooled fins extend upward between each of the bays to trap
deflected and scattered molecules.

The cavity consists of two plates: one fixed, flat plate, 4 in. in diameter,
with waveguide coupling, and one spherical, curved plate, 5 in. in diameter and
having a focal length of 140 cm, both fabricated from copper. The spherical mir-
ror was mounted on a slide arrangement driven by-a screw which is passed
through a rotary vacuum feed-through. Several flat mirrors, differing according to
the size of the waveguide, were used; when high Q was required, thin irises were
used to reduce the coupling.

The output power of a molecular beam maser is small, usually less than a mi-
crowatt. Therefore considerable care must be exercised in the choice, construc-
tion, and operation of the microwave detecting system. A superheterodyne sys-
tem is the most sensitive detector when local oscillators of sufficient power and
mixers of acceptable noise figure are available. In centimeter wave masers, su-
perheterodyne receivers with klystrons as local oscillators and cartridge crystal
as mixers have been used. The situation is similar in the long wavelength milli-
meter region. In the shorter millimeter region the instability and cost of funda-
mental frequency klystrons make harmonic generation and harmonic mixing more
attractive.

When the beam maser is used for spectroscopy, both a local oscillator for the
harmonic mixer and a stimulating signal for the maser cavity are required. These
two signals must be separated in frequency by the i.f. so that the signal resulting
from the beating in the mixer falls in the i.f. passband. Although two klystrons
can be electronically locked to differ by the i.f. (or in the case of harmonic genera-
tion, the i.f. divided by the harmonic), this solution is both complicated and expen-
sive. It has been found that for frequencies up to about 200 GHz a simple, sensi-
tive, and stable system can be constructed which uses only one klystron. This
system is shown in Figure 2. The output of the klystron is split into two parts,
one of which is applied to a harmonic generator along with a 30 MHz radio fre-
quency signal. This results in a number of output frequencies corresponding to
the harmonics of the microwave signal, with sidebands at multiples of 30 MHz.
Upon proper adjustment of the amplitude of the 30 MHz signal, the dc bias, and

the various microwave components, adequate power can be obtained in the proper
sideband. The remainder of the microwave power not applied to the harmonic
generator is applied to the harmonic mixer after a small amount of this power has
been coupled out by a Bethe-hole coupler. This power is used to monitor the kly-
stron mode and to mix with the output of a frequency standard so that frequency
markers and a reference signal for the klystron stabilization are provided. The
N
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Fig. 2. Diagram of the millimeter-wave system for detection and measurement of
maser output.

harmonic mixer beats the klystron signal with the maser output and converts it to
the 30 MHz i.f. This signal is then amplified and detected in an i.f. strip.

V. EXPERIMENTAL RESULTS
HCN

The maser described in the previous sections has been successfully operated
on six transitions in the millimeter and submillimeter region of the spectrum. It
was first operated on the hyperfine components of the J/ = 1 — 0 transition of
HCN at 83,632 MHz. The maser was next operated on the hyperfine components,
of the j = 2 — ] transition of HCN at 177,263 MHz. The hyperfine structure of
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e}

IRA

1

T

crb

2 B ARS8



MOLECULAR BEAM MASERS 107

k———1400kc¢ 3 2300k ¢ ————A

Fig. 4. Maser emission and absorption spectrum of the J = 2 — 1 transition of HCN
at 177,263 MHz.

these transitions is shown in Figs. 3 and 4, respectively. Table III shows the
resulting frequency measurements and spectral constants for this molecule.

In a previous section the force constants for the low J levels of HCN have
been shown to be relatively large, but the Stark effect has not been considered in
detail. The state selection for low J states of linear molecules differs from that
of the close-lying doublets used previously for centimeter wave masers. Figure 5
shows the Stark effect for the / = 0, 1, 2 levels of HCN and their relative deflec-
tions in the strong field case. Since the state selection takes place at high elec-
tric field, the appropriate quantum numbers are M; and };. However, the maser
operates in zero field where F and ¥ ¢ 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 into which they collapse as the
electric field goes from its maximum in the state selector to zero in the cavity.
In principle, this can be done by solving the intermediate-field Stark effect for

TABLE III. HYC™"N spectroscopic results,

TRANSITION OBSERVED CALCULATED DIFFERENCE
[kHZ] {uHz] (kHz)
J=1-—~0 F=1-—1 £8,630,415.7 88,630,114.7 1.0
F=2-—1 §8,631,847.3 88,631,548.3 -0.9
F=0—1 88,633,936.0 §8,633,936. 1 ~0.1
J=2—1 F=2-—2 177,259,676.7 177,259,677.4 -0.7
F=1-—0 177,259,923.3 177,259,923.3 0.0
F=2-—1 177.261,110.4 177,261,111.0 -0.6
F=3—2 177.261,223.2 177,261,222.3 0.9 i
F=1—1 177,263,443.0 177,263,444, 7 0.3 o
B, = 44,315,975.7 = 0.4 B
Dy = 87.24 -0.06 G
(eQDy =  —4,709.1 =1.3 ~ fid
Cx = 10.4 =0.3 W

e
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Fig. 3. Energv-level diagram showing Stark effect of HCN.

several values of Stark field and following each level from high-field to low-field
approximation. There is, however, an easier method. The two following rules
establish a unique correspondence between the two sets of quantum numbers:
(WMp =M, - M, = M, (2)in the adiabatic transition from zero-field states to
high-field states. those states having the same M do not cross [26].

The force constant for HCN molecules in the J = 0 state is approximately one
and one-haif times as great as that for NH; molecules in the J = 3, K = 3 inver-
sion state. Thus. from Fig. 5. the transition labeled v = 1 has state selection
somewhal more favorable than that of NHy; v = 2, with parts of its upper state de-
flected out of the tear, about the same; and 1 = 3, considerably worse, because
Soth upper and lower levels are deflected out of the beam, although the lower
tevel, fortunately, is deflected more rapidly. The state selection for the
J = 2 — 1 transition is quite interesting. All the deflections are less than those
of NH., some ccnsiderasbiv less. However, a new situation now occurs. Some of
the /] - 2 — 1 hvperfine components appear in the output as state-selected ab-
sorption lines. The transition labeled i* = 8 has the ideal type of state selection
for emission: the upper level is focused entirely into the beam; and the lower '
state, entirely out of the beam. As a result, this line is the strongest hyperfine
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component in the maser output and is therefore used for the maser oscillator,
This is true even though in absorption spectra it accounts for only 8% of the total
transition intensity. Another emission line is 1’ - 6, with its lower level de-
flected entirely out of the beam and its upper level exhibiting a mixed state se-
lection. The other three components, v =4, 5 and 7, are all absorption lines,
The strengths of these beam-absorption lines are considerably enhanced by the
state selection process because the resulting population difference between their
upper and lower states is considerably larger than the 3% provided by the Boltz-
mann distribution.

Boththe J = 1— 0, F = 2 — 1 transition and the J=2-—1F - -1—1
transition were operated as maser oscillators. A composite picture of the maser
oscillator outputs is shown in Figure 6. Oscillation was achieved for the

Fig. 6. Oscilloscope tracings of the output of the HCN maser oscillators at
88.6 GHz (left) and 177.2 GHz (right).

J =1 — 0 transition with 15 kV applied to the state selector and a cavity Q of
300,000. Forthe J =2 — 1 transition, 30 kV and a Q of 500,000 were used.

DCN

For determination of the spectral constants of DCN, the maser was also oper-
atedonthe J- 1 ~— Qand J = 2 — | hyperfine components of this molecule.
The spectrum of the J = 1 — 0 transition of DCN is shown in Figure 7. A com-
parison of this spectrum with that for the J = | — 0 of HCN (Fig. 3) shows that
the effect of the deuterium coupling is to split into triplets the levels resulting
from the F; = | and F, = 2 states of J = 1. The line resulting from the Fi=0
level is not split. The experimental linewidth shown here is of the order of
10 kHz at a frequency of approximately 72,000,000 kHz. This is a better line Q
than is achieved in the usual centimeter wave maser. Deppler width at this fre-
quency is about 200 kHz, which in the usuai absorption spectrometer would com-
pletely obscure the deuterium coupling and would prevent evaluation of the quad-
rupole coupling constant and the magnetic iateraction constant. Table 1V shows
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Fig. 7. Maser emission spectrum of the J =1 — 0 transition of DCN showing the
deuterium splitting of the nitrogen quadrupole lines.

TABLE IV. DYC™N spectroscopic results.

. DIFFER-
TRANSITION OB%}E}: \]IE‘D CAL%;;L?TED ENCE
e z ‘kHz]
J=1—90 Fy=1-—1 Fp=1-—0,1,2 72,413,184.3 72,413,483.7 0.6
Fyv=1—1 Fp=2-—1,2 72,413,514.3 72,413,514.1 0.2
Fn=1-—-1 Fp=0-—0,1 72,413,558.4 72,413,559.2 -0.8
Fy -2-—1 Fp=1-—0,1,2 72,414,905.4 72,414,905.8 -0.4
Fn=2—1 Fp=3—2 72,414,927.0 72,414,927.3 -0.3
Fy=2—1 Fp=2-—1,2 72,414,973.2 72,414,972.4 0.8
Fy=0—1 Fp=1-—291,2 72,417,029.7 72,417,029.7 0
J=2-—1 Fy=1-—0 Fp:=1—1 144,826,841.4 144,826,841,2 0.2
Fy=1—0 Fp=2-—1 144,826,809.7 144,826,809.9 -0.2
B, = 36,207,462.7 :0.2
D; = 57.83 +0.04
(EQQ)N = '—4,703.0 +1.2
Cp == 8.4 1£0.3
(eQq)p =~ 194.4 *2.2
Cp = -0.6 *0.3

the resulting frequency measurements and spectral constants. Before our work,
molecular beam masers had not been used to accurately determine the rotational
constants of molecules. The values determined here for By and Dy of HCN and
DCN are believed to be the most accurate ever determined.

D0

The maser was also operated on the 1,3 — 1, transition of D,0 at 316,800
MHz. This frequency is higher than that at which the previously described su-
perheterodyne detection system operates. For this reason, a square-law video
detector was used with a corresponding decrease in sensitivity, Figure 8 shows
the output of this transiticn.
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ND.H
The hyperfine structure of the 11y — 1y, transition of ND,H is considerably
more complex than that of the other transitions studied. This is a direct result
of the fact that all four of the nuclei of this asymmetric rotor contribute to the B
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Fig. 9. Some of the maser hyperfine structure of the L,— 1, transition of ND,H.
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hyperfine structure, three of them having eléctric quadrupole moments and all four
having magnetic dipole moments. Figure 9 shows some of the resulting structure,

V. FREQUENCY AND WAVELENGTH STANDARDS IN THE
MILLIMETER AND SUBMILLIMETER REGION

One of the most important requirements for the useful development of the sub-
millimeter region of the spectrum is the existence of accurate standards of fre-
quency and wavelength. At present, the accepted standards are transition fre-
quencies of '"C!°0,'*N,'°0, and H!2C 14N [27]. 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 ex-
periment 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. Table V lists a number of such tran-
sitions in which the frequencies are based on the rotational constants of

H*-C!N and D'2C ¥ N,

TABLE V.

Frequency and wavelength standards for the millimeter and

submillimeter region as derived from the HCN and DCN rctational
constants,

FREQUENCY WAVELENGTH*
J— J +1 _
[GHZ] [em™]
o HlZCUN

0 —1 88.6316 2.956432

1 —2 177.2611 5.912793

2 —3 265.8864 8.869015

3 -4 354.3055 11.825028

4 —5 . 443.1161 14.780761

5 —6 531.7163 17.736145

6 — 7 1620.3040 20.691110

7 —3 708.8769 23.645586

8 — 9 797.4332 26.599504

9 — 10 885.9706 29.552792

10 — 11 974.4870 32.505383

D12C14N

0 —1 72.4147 2.415494

1 —2 144.8280 4.830941

2—3 217.2385 7.246296

3—4 289,6449 9.661512

4 —5 362.0457 12.076543

5—6 434.4396 14.491343

6 — 7 506.8251 16.905864

78 570.2010 19.320062

g — 9 651.5657 21.733889 P

9 — 10 723.9179 24.147210 L
10 — 11 796.2563 26.560247 ’

*The wavelength depends on the accepted speed of light, ¢ = 299,722.5 km/sec.
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VI. OTHER POSSIBLE APPLICATIONS

Although our application of these molecular beam masers has been to achieve
exceptionally high resolution spectroscopy. other applications appear promising.
s for tech-
nological applications where a relatively narrow bandwidth is desirab
ceptable. They may prove useful as low-noise receivers for millimeler-wave

Theoretically, these masers should be excellent as low-noise amplifie
1

€ 0or ac-

radioastronomy. They make possible a primary frequency standard for the milli-
meter or submillimeter wave region, one which perhaps would have greater accu-
racy than those now availatle in the lower radiofrequency region. It :is probable
that the frequency stebility of these masers as oscillators will prove to be supe-
rior to that of the NH; maser. There are two major reasoas for this. First, the
line Q is higher because the absolute frequency is greater. More importantly, a
major part of frequency instability in the NH; maser rest!ts from the fact that it
operates on a line which is composed of unresolved hyperfine components. This
is not the case for some of the maser transitions reported here which have no un-
resolved hyperfine structure,
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