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Several methods for improving the absolute frequency stability of a maser are considered; 
these methods are based on the use of molecular beams in which the mean velocity is much 
lower than the thermal velocity at room temperature. 

IT has been shown experimentally1 that a maser 
can have a frequency stability as high as 10-13 -

10-14 for a period of several seconds and 10-11 -

5 x 10- 12 for a time of the order of thirty minutes. 
However, when a conventional system (ammonia 
inversion line, J = 3, K = 3) is used as an abso
lute standard of frequency the accuracy is 10-9 -

5 x 10-10 , a figure which is appreciably lower than 
the relative stability.2- 4 For this reason it is de
sirable to investigate the possibility of building a 
system with an absolute stability of the order of 
10- 11 , even if it could not provide prolonged oper
ation. A system of this kind could provide inter
mittent frequency control of an ordinary maser 
which would operate for extended periods; in this 
way it might be possible to maintain the frequency 
for appreciable periods of time, because of the 
high relative stability. 

The theory of the maser5•6 indicates that the 
absolute frequency stability is inversely propor
tional to the line width and that the generated fre
quency does not differ from the frequency of the 
line by more than several percent of the line width. 
This deviation is determined by the accuracy with 
which the cavity is tuned to the frequency of the 
line, the dependence of line shape on external pa
rameters, the line shape and so on. 7 In particular, 
the better the adjustment of the cavity to the line 
frequency, the higher the absolute stability of the 
system. 

In this paper we report on a new method of in
creasing absolute stability in which the line is nar
rowed by the use of "slow molecules." Three 
methods of obtaining slow molecules are consid
ered: 1) removal of high-velocity molecules from 
the beam, i.e., a high velocity "cutoff"; 2) retarda
tion of the molecules by an external field; 3) reduc
tion of the temperature of the molecular beam. 

1. A high velocity cutoff can be imposed on the 
beam by reflecting the ammonia molecules from 
a potential barrier. An inhomogeneous electric 
field serves as a convenient potential barrier. 
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The interaction of the ammonia molecules with the 
field is such that the energy of molecules in the 
upper inversion state is increased while the energy 
of molecules in the lower inversion state is re
duced. Hence, if an ammonia molecule encounters 
a potential barrier in the form of an electric field 
it is reflected from the barrier if it is in the upper 
state and passes through the barrier if it is in the 
lower state. 

Reflection from a barrier is an effective means 
of separating molecules. The potential barrier can 
be chosen in such a way that only low-velocity mole
cules are reflected, since the velocity of the re
flected molecules must satisfy the relation 

7m(vn)2 <W, (1) 

where n is a unit vector in the direction of grad 
W. In this case the field must be such that the iso
energetic surfaces W ( r) = const. act as focusing 
surfaces. By placing the source at the focus it is 
then possible to obtain a reflected beam with a 
small aperture, starting with an incident beam of 
large aperture. 

A maser of this type can be realized most easily 
with deuterated ammonia ( ND3 ) because in this 
case the input aperture in the cavity can be large. 8 

A potential barrier of the type discussed above 
can be produced by means of two flat plates, one 
of which has an aperture (fig. 1). The plates are 
arranged so that optimum focusing is achieved. A 
rough calculation, in which ideal reflection is as
sumed, indicates that when deuterated ammonia is 
used the excitation factor remains the same as in 

FIG. 1. The solid lines are equipotentials of the fields. 
The dashed lines are lines of equal potential energy for the 
interaction of molecules with the field. 
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a conventional system8 if the mean velocity of the 
molecules in the beam is reduced by a factor of 10. 

2. A potential barrier can also be used to retard 
molecules. If a molecule in the upper inversion 
state enters an electric field in which the interac
tion energy is W, then its velocity is reduced from 
v0 to v so that the total energy is conserved, 

f- mv~ = + mv2 + W. (2) 

The maximum possible number of molecules is ob
tained if molecules whose velocities are close to 
the most probable velocity are slowed down. This 
velocity is given approximately by (kT/m )1/2• 

But electric fields which can be realized in prac
tice are such that Wmax = 0.01 kT for T :::::: 300° K. 
Hence, a single retardation interaction does notre
duce the velocity of the molecules appreciably. How
ever, it is possible to use a multiple retardation 
system, in which regions of electric field are sep
arated by regions of zero field. A molecule in the 
upper inversion state is decelerated on entering 
the field. On leaving the field it is accelerated to 
its original velocity. If, however, the molecule is 
caused to make a transition to the lower state by 
means of external radiation while it is in the field, 
it is again decelerated when it leaves the field. An 
externai radiation field can then be used to raise 
the molecule to the upper level again and the proc
ess can be repeated. 

If the frequency of the molecular transition is 
the same as the frequency of the external radia
tion, then the probability w of a transition from 
the upper level to the lower level (which is equal 
to the probability in the reverse direction) is 
given by5 

T = I dl2/ E j!i, (3) 

where Tv is the time of flight of a molecule with 
velocity v and E is the amplitude of the external 
radiation. Hence, the total number of retarded 
molecules at the output of the system is given by 

v 0+Ll n oo 

N = N0 ~ (TI sin2 lk;vk) F (v) dv j ~ F (v) dv, (4) 
Uo-d k=i 0 

where F(v) is the velocity distribution of the 
molecules, v0 is the most probable velocity in 
F ( v ) , 2~ is the velocity range of the retarded 
molecules and N0 is the original number of mole
cules. 

If we wish to make the mean velocity in the re
tarded beam one-tenth the mean thermal velocity 
(roughly v0 ), ~/v0 :::::: 0.1. In order to achieve 
this reduction it is necessary to have approxi
mately fifty retardation sections, since n :::::: 100. 
If the amplitude of the auxiliary field is chosen to 

make sin2 (YkTvk/2) = 1 for the mean velocity 
(which varies from section to section because of 
the retardation effect ) , a calculation of the inte
gral in Eq. (4) with an electronic computer (Max
wellian velocity distribution) indicates that N 
:::::: 0.01 N0• The use of retarding sections with uni
form fields (parallel plates) is not desirable be
cause these reduce the velocity component perpen
dicular to the plane of the plate and defocus the 
molecular beam itself. However, if the retarding 
sections are spherical mirrors, the system can 
be set up in such a way as to focus the beam, as 
can be seen from Fig. 2. 

FIG. 2. To obtain 
focusing the distance S 
must be larger than the 
distance R. The point 
denoted by 0 is the 
center of the spherical 
focusing mirrors; I is 
the source of the mo
lecular beam and re
gions with electric 
field are denoted by 
cross-hatching. 

In this system the initial flight angle cp 0 is 
changed to 1r - cp 0 according to the retardation. 
As soon as the exit angle became equal to 1r - cp 0 

the retardation process must be repeated identi
cally if the first retardation is inadequate. 

3. We now consider a method for reducing the 
temperature of the molecular beam. It is not fea
sible to reduce the temperature by cooling the 
source because a small reduction in source tern
perature has very little effect (the velocity is 
proportional to T112 ). On the other hand, a large 
reduction in the source temperature causes the 
ammonia to freeze. It is possible, however, to re
duce the ammonia temperature by allowing the 
ammonia molecules to collide with a cold gas. If 
the ammonia interacts with the cold gas solely 
through collisions the kinetic energy of the ammo
nia molecules is gradually reduced to that of the 
cold gas. Helium at a few degrees Kelvin serves 
as a convenient cooling gas. In order for a sys
tern of this kind to operate effectively, the follo:v
ing conditions must be satisfied: a) the time in 
which equilibrium is established in the helium
ammonia mixture must be shorter than the time 
between collisions of the ammonia molecules or 
collisions of the ammonia molecules with the 
walls; b) an effective means of heat removal must 
be provided so that the temperature of the helium 
does not rise. 

Condition a) implies the relation 



---------------------------------------

USE OF SLOW MOLECULES IN A MASER 763 

(5) 

where OA-A is the cross section for a collision 
between ammonia molecules, aA-H is the cross 
section for a collision between an ammonia mole
cule and a helium molecule, mA is the mass of 
the ammonia molecule, J.I.A-H is the reduced mass 
of the system, consisting of the ammonia molecule 
and the helium molecule, and NA and NH are the 
ammonia and helium densities respectively. From 
the conditions for thermal equilibrium we can ob
tain the temperature of the mixture: 

(6) 

where TH is the initial temperature of the helium 
and TA is the initial temperature of the ammonia. 
Condition b) requires that the increment in the 
helium temperature be small ("' 1 o K). Both of 
these conditions can be satisfied if NAINH is 
about 1/100. 

One important point should be noted. If the am
monia molecules are in thermodynamic equilibrium 
at 4- 5° K they are practically all in the ground 
state (J = 0, K = 0 ); this state cannot be used for 
generation since the dipole-moment matrix element 
for this state is zero. However, this situation is 
alleviated by the fact that the equilibrium time for 
the rotational energy is much greater than the 
equilibrium time for the translational motion be
cause transitions with 6.K >" 0 are highly forbidden, 
even in collisions between molecules. 9 

Removal of slow molecules from the beam by a 
cutoff technique or retardation by external fields 
disturbs the molecular velocity distribution and 
this effect causes a change in the line shape. Since 
the frequency depends on the line shape, at first 
glance it might be supposed that these methods of 
obtaining slow molecules are not very useful. An 
analysis of this aspect of the problem indicates, 
however, that, in both cases considered above the 
absolute frequency stability increases for a given 
excitation factor linearly with the mean time spent 
by molecules in the cavity. 

It should be noted that all these methods of ob
taining slow molecules imply an appreciable loss 
in the number of useful molecules and a consequent 
reduction in power. Thermal noise in the maser is 
characterized by a frequency spectrum whose width 
is inversely proportional to power. 10 An appreci
able loss of power can lead to a marked increase 
in the relative effect of this noise; hence, for ef
fective operation the cavity should be cooled. If 
the mean time of flight is increased by a factor of 
ten through the use of a velocity cutoff the thermal 
noise at room temperature remains unimportant 
(6.w/w ~ 10-14 ). 

The considerations given above indicate that it 
may be possible to build a maser with an absolute 
stability of Io- 11 -1o-12. 
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